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available to most 
cytokine products. 
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... exoernment, discover, understand. 


Cytokine Center 


Browse our web site containing over 
1300 recombinant cytokines, growth 
factors, chemokines and neurotrophins. 
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gAcrp30/Adipolean 
Activin A 

Adiponectin 

AITRL 

Alpha-Feto Protein (AFP) 
Angiopoietin-1 (Ang-1) 
Angiopoietin-2 (Ang-2) 
Angiostatin K1-3 
Annexin-V 

apo-SAA 

Apoliprotein A-1 
Apoliprotein E2 
Apoliprotein E3 
Apoliprotein E4 
Artemin 

ATF2 

B-type Natriuretic Protein 
BAFF 

BCA-1 

BCMA 

BD-1 

BD-2 

BD-3 

BDNF 

BMP-2 

BMP-7 

BMP-13 

BMP-14 

sBMPR-1A 

BRAK 

Breast Tumor Antigen 
C-Reactive Protein (CRP) 
c-Src 
Carcino-embryonic Antigen 
Cardiotrophin-1 
Caspase-3 
Caspase-6 

CD14 

CD22 
sCD40Ligand/TRAP 
sCD95/sFas Ligand 
sCD105/Endoglin 
sCD119 

Chorionic Gonadotropin 
CNTF 

CREB 

CTACK/CCL27 

CTGF 
CTGFL/WISP-2 
CTLA-4/Fe 

CXCL16 
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EGF 
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EMAP-II 
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ENA-78 

Endostatin 

Enteropeptidase 

Eotaxin 

Eotaxin-2 

Eotaxin-3 (TSC) 

Erk-2 

Erythropoietin (EPO) 

Exodus-2 

Fas Ligand 

Fas Receptor 

FGF-acidic 

FGF-basic 

FGF-4 

FGF-5 

FGF-6 

FGF-7/KGF 

FGF-8 

FGF-9 

FGF-10 
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sFlt-1 (D4) 
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sFlt (D7)/Fe 

Fit3-Ligand 

SFIt-4 
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Follicle Stimulating 
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G-CSF 
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Galectin-1 

Galectin-3 
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GCP-2 

GDF-3 

GDNF 

GM-CSF 
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GRO-f 

GRO-y 
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Growth Hormone 

Growth Hormone 20K 

Growth Hormone (Placental) 

Growth Hormone BP 
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HGF 
HRG1-1 
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IFN-o 

IFN-o 1 

IFN-a 2 

IFN-o 2a 
PEG-IFN-o. 2a 
IFN-a 2b 
PEG-IFN-c 2b 
IFN-o 4a 
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IFN-o A 

IFN-o. B2 
IFN-a C 

IFN-a D 
IFN-o. F 

IFN-a G 
IFN-o. H2 


IFN-y sR Chain 1 
IFN-« 

IFN-A 2 

IFN-o 
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IGF-I 
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IGF-II 
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sIL-2 Receptor-a 
IL-3 

IL-4 

sIL-4 Receptor 
IL-5 

IL-6 
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IL-22 

Insulin 

IP-10 

JNK2a1 

JNK202 

sKDR (D7) 

sKDR/Fc Chimera 

KGF 

LAG-1 

LALF Peptide 

LBP 

LBP Natural, Purified 

LBP Peptide 

LD-78p 

LEC/NCC-4 

Leptin 

LeukinFeron 

Leuprolide 

Leutenizing Hormone 
Releasing Hormone 

LIF 

LIGHT 

sLYVE-1 

Lymphotactin 

M-CSF 

MCP-1 (MCAF) 

MCP-2 

MCP-3 

MCP-4 

MDC (67 a.a.) 

MDC (69 a.a.) 

MEC 

Mek-1 

Menopausal 
Gonadotrophin 

Midkine 

MIG 

MIP-1a 

MIP-1B 

Viral MIP-2 

MIP-3 

MIP-3a 

MIP-3B 

MIP-4 (PARC) 

MIP-5 

Myostatin (GDF-8) 

Myostatin-Propeptide 

NAP-2 

Neurturin 

beta-NGF 

NFAT-1 

NOGGIN 

NP-1 

NT-1/BCSF-3 

NT-3 

NT-4 

Oncostatin M 

Osteoprotegerin (OPG) 

Ovarian Cancer Antigen 
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p38-a. 
PDGF-AA 
PDGF-AB 
PDGF-BB 
Persephin 

PF-4 

PIGF-1 
PIGF-1/His 
PIGF-2 
Pleiotrophin 
PLGF-1 
Polymyxin B (PMB) 
PRAS40 
Prokineticin-2 
Prolactin 
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sRANK 

sRANKL 
RANTES 
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Resistin 
apo-SAA 

SCF 

SCF/C-kit Ligand 
SCGF-a 

SCGF-B 

SDF-1a 

SDF-1p, 

SHH 

c-Sre 

STAT1 

TACI 

TARC 

TECK 

TFF2 

TGF-a 

TGF-61 

TGF-B2 

TGF-B3 
Thymosin «1 
sTIE-1/Fe Chimera 
TL-1A 

TNF-a 

TNF-B 
sTNF-receptor Type | 
sTNF-receptor Type II 
TPO 
TRAIL/Apo2L 
sTRAIL R-1 (DR4) 
STRAIL R-2 (DR5) 
Tumor Suppressor p53 
TWEAK 

TWEAK Receptor 
Urokinase 
EG-VEGF 
VEGF121 
VEGF165 

Orf Virus VEGF-E 
Orf Virus HB-VEGF-E 
WISP-1 

WISP-2 

WNT-1 


Mouse Proteins 
Acrp30 

April 

BLC/BCA-1 

C-10 
Cardiotrophin-1 
CD14 

sCD40 Ligand/TRAP 
CD105/Endoglin 
CTACK/CCL27 
CXCL16 

EGF 

Eotaxin 
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Eotaxin-2 
Exodus-2 
FGF-9 
FGF-basic 
Fit3-Ligand 
G-CSF 
GM-CSF 
GRO-f/MIP-2 
GRO/KC/CINC-1 
-TAC 

FN-a 
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FN-B 

FN-y 

FN-y sR chain 1 
FN-A 2 

GF-I 
GFBP-5 
L-la 
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L-4 
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LIGHT 
Limitin 
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PCR 


High-performance features come standard. 
The best real-time PCR system just got better. 


Stratagene’s Mx3005P™ Real-Time PCR System sets the next * The only instrument with five (5) color 


benchmark in real-time PCR with new high-performance features, increased multiplex: capability and userselented Alters 


flexibility to support more applications and chemistries, and affordable :  * Novel custom filter path selection for FRET 
. ek . ; ; ; probe chemistries 
pricing for the individual researcher (€29,900 list price*).Real-time PCR 
e Includes Beacon Designer™ oligo design software 


systems starting at €24,950 list price*. 


Need More Information? Give Us A Call: : Practice of the patented polymerase chain reaction (PCR) process requires a license. 
Sraagne USKand Canis Saag urn ee eo 
Order: (800) 424-5444 x3 Order: 00800-7000-7000 Tein aoa, . 


provides a limited PCR license in accordance with the label rights accompanying such reagents. 


Technical Services: (800) 894-1304 Technical Services: 00800-7400-7400 


Beacon Designer™ is a trademark of PREMIER Biosoft International 


TRATAGENE 


Stratagene Japan K.K. 
Order: 03-5159-2060 


Technical Services: 03-5159-2070 Www.stratagene.com 


*Pricing only available in Benelux, France, Germany, Austria, and Switzerland. 
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4x greater binding capacity 
in histidine-tagged 
protein purification 


Ni Sepharose™ products from GE Healthcare give you the highest binding 

capacity available for histidine-tagged protein purification. With up to four times 

the binding capacity, it’s no longer pure imagination to dramatically increase your 

yield, while saving time and costs. Maximum target protein activity is assured, 

thanks to tolerance of a wide range of additives and negligible nickel ion leakage. 

The flexibility to use a variety of protocols ensures the highest possible purity. 

Ni Sepharose 6 FF is excellent for manual procedures such as gravity/batch and 

easy scale-up, while the HP version is designed for high-performance in automated = 

purification systems - both are available in different formats, including prepacked 4 ee 
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columns. Outstanding performance has never been easier to achieve. 
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~ f Secondary structures of 165 ribosomal RNA and transfer RNA, showing their respective Number 5740 
2 ' base-pairing schemes. Colored bars indicate end-to-end stacking of individual helices to 
form longer, continuous coaxial arms. [Image: A. Baucom and H. Noller] 
INTRODUCTION 1527 e Functional Genomics of Noncoding RNA 
1507 [In the Forests of Dark Matte J. S. Mattick 
related Report page 157Q 
REVIEWS 1529 ‘ewer Genes, More Noncoding RNA 
1508 __‘JRNA Structure: Reading the Ribosome JM. Claverie 
H. F. Noller ee 
related Reports pages 155 and[[564 
1514 [From Birth to Death: The Complex Lives of Eukaryotic mRNAs 1530 = 
M. J. Moore 
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1519  |Ribo-gnome: The Big World of Small RNAS 
P. D. Zamore and B. Haley 


VIEWPOINTS 


1525 {It's a Small RNA World, After All 
M. W. Vaughn and R. Martienssen 


related Report 


related Report page 1584 


Related Science Express Report by M. Brengues et al.; 
Research Article page T534jReports pages T55Qto 


For related online content in SAGE KE 
and STKE, see page 14517 or go to 
www.sciencemag.org/sciext/rna/ 
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Homeland Security Ponders Future of Its 
Animal Disease Fortress 


DEPARTMENTS 


1451 
1453 


1457 — [EpitoriAt by Alison Jolly 
The Last Great Apes? 


related News story page 1468 Perspectives pages 1404 
and[T493 Science Express Report by P. Khaitovich et al. 


News Focus 
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1479 |NucLEAR WEAPONS 


ber Laser Facility Faces Burning Questions Over 
1467 Cost, Technology 
1591 oe 
1596 Vioxx Verdict: Too Little or Too Much Science? 
1482 
NEWS OF THE WEEK The Quest for Dark Energy: High Road or Low? 
1468 1485 
Chimp Genome Catalogs Differences 
With Humans LETTERS 
related Editorial| Perspectives pages T49Q and[[499] 1489 
Science Express Report by P. Khaitovich et al. and Double-Knocks from Arkansas R. A. Charif et al. 
1469 Nature Makes a Difference in the City /. G. Tundisi. 
Final NIH Rules Ease Stock Limits Einstein's Interoffice Memo? R. Noll. Aggressive, or Just 
1471 Looking for a Good Mate? A. D. Aisenberg 
Germany Poised to Elect First 1491 
Scientist-Chancellor BOOKS ETAL 
1471 CIENCESCOPH : 
1472 ts 
Scientists Scramble to Curb Before Darwin Reconciling God and Nature; The Watch 
Webb Qvernins on the Heath Science and Religion Before Darwin 
K. Thomson, reviewed by A. Cutler 
We 1494 
Base Commission Alters Pentagon's March of the Penguins 
Wishes on Labs L. Jacquet, reviewed by D. Kennedy 
1473 
NIH, Chemical Society Look for ESSAY a. | 
Common Ground 1495 
1475 Deciphering Dengue: 125 
Microbiologist Resigns After Pitch for The Cuban Experience 
M. G. Guzman 
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Systems Biology — RNAi and Gene Expression Analysis 


GeneGlobe — the world’s largest database 
of matching siRNAs and RT-PCR assays 


1000 E+1 


Reliable quantification after 
knockdown. 


Visit}www. n.com/GeneGlobe}. 


New genomewide solutions from QIAGEN provide potent, specific siRNAs and 
matching, ready-to-use, validated primer sets for SYBR° Green based real-time 
RT-PCR assays. 


HM One database — easy online access to RNAi and gene expression solutions at the 
GeneGlobe™ Web portal 


HH Two matching solutions — siRNAs and matching real-time RT-PCR assays you can rely on 


HM Three complete genomes — siRNAs and RT-PCR assays are available for the entire 
human, mouse, and rat genomes 


For matched siRNAs and real-time RT-PCR assays, go to 


www.giagen.com/GeneGlobe|! 


Trademarks: QIAGEN®, GeneGlobe™ (QIAGEN Group}; SYBR® (Molecular Probes, Inc.). siRNA technology licensed to QIAGEN is covered by various patent 
applications, owned by the Massachusetts Institute of Technology, Cambridge, MA, USA and others. QuantiTect Primer Assays are optimized for use in the Polymerase 
Chain Reaction (PCR) covered by patents owned by Roche Molecular Systems, Inc. and F. Hoffmann-La Roche, Ltd. No license under these patents to use the PCR 
process is conveyed expressly or by implication to the purchaser by the purchase of this product. A license to use the PCR process for certain research and development 
activities accompanies the purchase of certain reagents from licensed suppliers such as QIAGEN, when used in conjunction with an Authorized Thermal Cycler, or is 
available from Applied Biosystems. Further information on purchasing licenses to practice the PCR process may be obtained by contacting the Director of Licensing, 
Applied Biosystems, 850 Lincoln Centre Drive, Foster City, California 94404 or at Roche Molecular Systems, Inc., 1145 Atlantic Avenue, Alameda, California 94501. 
RNAiGEXGeneGlobe0605S1WW © 2005 QIAGEN, all rights reserved. 
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PERSPECTIVES Science 


Beyond the Chimpanzee Genome: The Threat of Extinction M. D. Hauser related Editorial page T57] | 


News story page 1468} Perspective page 1499]Science Express Report by P. Khaitovich et al. 


Thoughts on the Future of Great Ape Research £. H. McConkey andA. Varki_ related Editorial page T757] 
News story page 1468) Perspective page 1498]Science Express Report by P. Khaitovich et al. STM tip 


E 


Manipulating Magnetism in a Single Molecule M. F. Crommie related Report page 1544 


Reduced Turbulence and New Opportunities for Fusion K. Krushelnick and S. Cowley 


SciENCE EXPRESS 


EvoLuTion: Parallel Patterns of Evolution in the Genomes and Transcriptomes of Humans 
and Chimpanzees 
P. Khaitovich et al. 
Similar genes are expressed in many organs of the chimp and human; those expressed in the testes have 
evolved considerably in both species, as have those expressed in the human brain. related Editorial page 1457] 
News story page [T46q Perspectives pages [T4994 and[T49q 
CELL BloLocy: Movement of Eukaryotic mRNAs Between Polysomes and Cytoplasmic 
Processing Bodies 
M. Brengues, D. Teixeira, R. Parker 
Cytoplasmic organelles called P-bodies cannot only degrade messenger RNA but can store it for later release 
into the protein translation machinery. 
DEVELOPMENTAL BioLocy: Direct Isolation of Satellite Cells for Skeletal Muscle Regeneration > 
D. Montarras, J. Morgan, C. Collins, F. Relaix, S. Zaffran, A. Cumano, T. Partridge, M. Buckingham 
Satellite muscle cells isolated from the diaphragm of a healthy mouse can restore function when grafted 
into muscles of a dystrophic mouse. 
AppuieD PHysics: Coherent Manipulation of Coupled Electron Spins in Semiconductor Quantum Dots 
J. R. Petta et al. 
Fast electrical pulses can be used to manipulate, exchange, and prolong the spin state of electrons in a pair of 
quantum dots, representing a quantum logic gate. 


TECHNICAL COMMENT ABSTRACTS 

Comment on “Independent Origins of Middle Ear Bones in Monotremes and Therians” (I) 

G. S. Bever, T. Rowe, E. G. Ekdale, T. E. Macrini, M. W. Colbert, A. M. Balanoff 

full text a a SCTETCETRAG. OG /EGTTCOMETT TT IOSTST AO TAIT 

Comment on “Independent Origins of Middle Ear Bones in Monotremes and Therians” (II) 
G. W. Rougier, A. M. Forasiepi, A. G. Martinelli 

full texto a SCRTCeTRaG. OG eg COMET IOSTST ATTA 

Response to Comments on “Independent Origins of Middle Ear Bones in Monotremes and Therians” 
T. H. Rich, J. A. Hopson, A. M. Musser, T. F. Flannery, P. Vickers-Rich 
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BREVIA 

J. S. Reader, P. T. Ordoukhanian, J.-G. Kim, V. de Crécy-Lagard, |. Hwang, S. Farrand, P. Schimmel 
A biocontrol agent for the crown gall virus acts by inactivating the transfer RNA synthetase for leucine, an 
approach that might be useful in targeting other plant diseases. 


RESEARCH ARTICLE 

for RNA Editing 

M. R. Macbeth, H. L. Schubert, A. P. VanDemark, A. T. Lingam, C. P. Hill, B. L. Bass 
An enzyme that “edits” messenger RNA by converting adenosine to inosine contains an essential inositol 
hexakisphosphate at its core, possibly to stabilize a protein fold. 


REPORTS 


J. C. Meyer, M. Paillet, S. Roth 
A metal block suspended on a single-walled carbon nanotube, which acts as a spring, forms a torsional pendulum 
that is visible in the optical microscope. 


Chemical Bonding 

A. Zhao, Q. Li, L. Chen, H. Xiang, W. Wang, S. Pan, B. Wang, X. Xiao, J. Yang, J. G. Hou, Q. Zhu 1548 
Changing the local chemical environment of a cobalt ion adsorbed on a gold surface can lead to strong coupling 
between its magnetic moment and conduction electrons. related Perspective page 1501] 

M. Moseler, P. Gumbsch, C. Casiraghi, A. C. Ferrari, J. Robertson 


Diamond-like films produced from a hail of high-energy carbon atoms are extremely smooth because locally ee 
induced particle currents smooth out hills and valleys. 
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“Unfortunately, there’s no cure — there’s not even a race for a cure.” 


o 
There 1S now. It’s a new day in genetics. For the first time, both pharmaceutical and 


academic investigators are initiating whole genome case-control 
studies that analyze millions of unique SNPs in hundreds of patients. 
And, by partnering with Perlegen, they are finding answers to questions 
that were previously out of reach. 


If you have access to DNA samples for a well-characterized phenotype, 
we would like to meet with you. Our scientists and analysts collaborate 
with you to perform, analyze and publish whole genome association 
studies in months, not years. 


Patients are waiting. Join the race. 


To partner, contact: 


Partnerships! 1 @perlegen.com| 


Targeting today’s drugs. Discovering tomorrow’s.™ 
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REPORTS CONTINUED 
1548  JATMOSPHERIC SCIENCE: The Effect of Diurnal Correction on Satellite-Derived Lowe 


Tropospheric Temperature 
C. A. Mears and F. J. Wentz 
After modification of an erroneous diurnal correction, a reconstruction of recent atmospheric warming of 
the lower troposphere from satellite data now agrees with that inferred from measurements at the surface. 
1551 
Tropical Atmosphere 
B. D. Santer et al. 
Results of modeling recent temperature changes in the tropical troposphere agree with satellite data that 
indicate more warming than earlier observations. 
1556 ATMOSPHERIC SCIENCE: Radiosonde Daytime Biases and Late—20th Centu 
S. C. Sherwood, J. R. Lanzante, C. L. Meyer 
Temperature measurements by weather balloons in the troposphere failed to reveal the extent of warming 
because of an uncorrected artifact in new instrumentation. 
1559 OLECULAR BIOLOGY: The Transcriptional Landscape of the Mammalian Genome 
The FANTOM Consortium and RIKEN Genome Exploration Research Group and Genome Science 
Group (Genome Network Project Core Group) 
Examination of RNA transcripts from the mouse genome defines transcriptional boundaries and identifies 
new complementary DNAs, proteins, and noncoding RNAs. related Viewpoint page T529] 
1564 OLECULAR BIOLOGY: Antisense Transcription in the Mammalian Transcriptome 
RIKEN Genome Exploration Research Group and Genome Science Group (Genome Network 
Project Core Group) and the FANTOM Consortium 
Some pairs of complementary RNA transcripts are expressed discordantly in the mouse genome, as expected, 
whereas others are regulated together. related Viewpoint Page 1524] 
1567 
C. Lu, S. S. Tej, S. Luo, C. D. Haudenschild, B. C. Meyers, P. J. Green 
An extensive analysis of transcribed RNAs in the plant Arabidopsis identifies 10 times more small RNAs than 
had previously been described. related clad BE | 
1570 OLECULAR BioLocy: A Strateg 
Repressor of NFAT 
A. T. Willingham et al. 
Ascreen for the function of noncoding RNAs in human cells identifies an RNA repressor that probably regulates 
movement of a transcription factor into the nucleus. related Viewpoint page 1527] 
1573 
R. S. Pillai et al. 
A human microRNA regulates gene expression by inhibiting translation initiation, possibly by binding to the 
cap structure at the 5’ end of the targeted messenger RNA. 
1577 
C. L. Jopling, M. Yi, A. M. Lancaster, S. M. Lemon, P. Sarnow 
Hepatitis C virus exploits a host-encoded microRNA to increase its levels of its own RNA, suggesting new 
approaches to antiviral therapy. 


1581 OLECULAR BIOLOGy: Recombination Regulation by Transcription-Ind 
Dissociation in rDNA Repeats 
T. Kobayashi and A. R. D. Ganley 
Transcription of noncoding sequences between the genes for ribosomal RNA dissociates an inhibitory protein, 
promoting an increase in the number of rRNA genes. 


1584 OLECULAR BioLoGcy: An mRNA Is Capped by a 2,5: Lariat Catalyzed b 
H. Nielsen, E. Westhof, S. Johansen 
A natural ribozyme can generate a lariat-shaped structure at one end of a messenger RNA molecule, perhaps 
to serve as its protective cap. related Viewpoint page 153q 


1587 = {STRUCTURAL BIOLOGY: Structural Evidence for a Two-Metal-lon Mechanism of Group | Intron Splicing 


M. R. Stahley and S. A. Strobel 
A catalytically active RNA intermediate uses the same arrangement of two magnesium ions to transfer 
phosphates, as is found in many protein phosphotransferases. 


SCIENCE (ISSN 0036-8075) is published weekly on Friday, except the last week in December, by the American Association for the Advancement of 


Science, 1200 New York Avenue, NW, Washington, DC 20005. Periodicals Mail postage (publication No. 484460) paid at Washington, DC, and additional 
mailing offices. Copyright © 2005 by the American Association for the Advancement of Science. The title SCIENCE is a registered trademark of the AAAS. 
Domestic individual membership and subscription (51 issues): $135 ($74 allocated to subscription). Domestic institutional subscription (51 issues): $550; 


Foreign postage extra: Mexico, Caribbean (surface mail) $55; other countries (air assist delivery) $85. First class, airmail, student, and emeritus rates on 


IEN , T 
RONAN STING <3 ENCE SE RM INS (9 OCIEI: request. Canadian rates with GST available upon request, GST #1254 88122. Publications Mail Agreement Number 1069624. Printed in the U.S.A. 


Change of address: allow 4 weeks, giving old and new addresses and 8-digit account number. Postmaster: Send change of address to Science, P.O. Box 1811, Danbury, CT 06813-1811. Single copy sales: $10.00 
per issue prepaid includes surface postage; bulk rates on request. Authorization to photocopy material for internal or personal use under circumstances not falling within the fair use provisions of the Copyright 
Act is granted by AAAS to libraries and other users registered with the Copyright Clearance Center (CCC) Transactional Reporting Service, provided that $15.00 per article is paid directly to CCC, 222 Rosewood 
Drive, Danvers, MA 01923. The identification code for Science is 0036-8075/83 $15.00. Science is indexed in the Reader's Guide to Periodical Literature and in several specialized indexes. 


Contents continued 4 


SCIENCE VOL 309 2 SEPTEMBER 2005 1449 


Microarray Technology 


Make It Personal 


Introducing the BioOdyssey™ Calligrapher™ miniarrayer from Bio-Rad. Now you can print 
the sample of your choice — DNA, proteins, or cell lysates — onto or into the substrate 
of your choice — slides, membranes, or 96-well plates — all from your laboratory benchtop. 


Your Arrayer, Your Discovery 

= Easy-to-use computer software to automatically create grids 

= Flow-through wash station and vacuum 

= Small footprint to fit easily on your benchtop 

= Flexible options to empower your specific research needs — 
Humidity control module (HCM) to add or reduce humidity, 


a chilling unit for cooling the work surface, and a — = 
software upgrade to give total control of the robot aa” | me 
::; For more information on microarray systems from Bio-Rad, —_ = =. 
visit us on the Web at|www.bio-rad.com/ad/calligrapher/ 


i 


Visit us on the Web at 
Call toll free at 1-800-4BIORAD (1-800-424-6723); BIO RAD 


outside the US, contact your local sales office. 


sciencenow Dairy News CoveRAGE 


Keeping the Young from Dying Old www.scienceontne.org 


Cancer drug may prevent premature aging in children. 


New Nanocoating Foils Fog 
Tiny glass particles may leave traditional defoggers in the mist. 


Ice, Served Warm 
Scientists create icelike sheet at room temperature. 


science’s next wave CAREER RESOURCES FOR YOUNG SCIENTISTS 


Postpoc Network: A Cloudy Crystal Ball B. L. Benderly 
Two studies paint divergent pictures of the future of America’s scientific labor market. 


US: Science from the Balcony C. Cohen and S. Cohen 
Developing a different perspective on people problems is a necessary skill for scientists. 
Europe: Getting a Group Leader Position and a Chair of Excellence E. Pain 
Young Greek researcher Lena Alexopoulou won dual accolades in 2004. 


MiSciNet: Speaking the Language of Computers C. Choi 
A recent high school graduate of the Baltimore Polytechnic Institute won a top prize in the 2005 Intel 
us Science Talent Search. 


A murky scientific GRANTSNET: September 2005 Funding News Edited by S. Martin 
job market. Get the latest index of funding, scholarships, fellowships, and internships for postdocs and students. 


. ’ 
science s sage ke SCIENCE OF AGING KNOWLEDGE ENVIRONMENT 
Related Mapping RNA section 


p> Perspective: Interfering with Longevity S. S. Lee 
RNA interference has transformed aging-related research in worms. 


News Focus: Another Knock Against Cholesterol ™. Leslie 
Artery clogger might promote Alzheimer’s disease when damaged. 


News Focus: Numb Together R. /. Davenport 
Bone marrow cells deaden neurons in diabetes. 


Slithering toward long life 
with RNAi. 


science’s stke SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT 


Related Mapping RNA section 


p> EpitoriAt Guide: Focus Issue—RNA, a Multifunctional Molecule N.R. Gough and E. M. Adler 
RNA increases genomic complexity and regulates gene expression. 

p> Perspective: MicroRNA-Dependent Trans-Acting siRNA Production H. Vaucheret 
A new class of endogenous small RNAs, tasiRNAs, establishes a link between the miRNA and 
siRNA pathways. 

p> TEACHING Resource: A Journal-Club Discussion of Regulation by MicroRNA D. C. Weinstein 
Design a student discussion to critically evaluate the primary literature regarding microRNA. 


Activating an RNA granule. 


D> TEACHING Resource: A Model for Local Regulation of Translation Near Active Synapses 


K. S. Kosik and A. M. Krichevsky 
This animation illustrates how RNA granules may contribute to synaptic plasticity. 


Separate individual or institutional subscriptions to these products may be required for full-text access. 


GrantsNet AlDScience Members Only! Functional Genomics 
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Visit us at GSAC in Hilton Head 


Roche Applied Science 


LightCycler’ 480 Real-Time PCR System 


Rapid by nature, 


A LightCycler® 480 Thermoblock for 96 or 384 wells, 
easily exchanged by users within minutes. 


In Development. Planned introduction: September, 2005. 


For general laboratory use. 
Not for use in diagnostic procedures. 


The LightCycler® is an Authorized Thermal Cycler. Purchase and use of the LightCycler®, 
in conjunction with Authorized Reagents, provides a limited license for use of the PCR 
process in life science research. No rights for any application, including any in vitro 
diagnostic application, are conveyed expressly, by implication or by estoppel under 
patents owned by Roche Molecular Systems, Inc., F. Hoffmann-La Roche Ltd, or Applera 
Corporation claiming homogeneous or real-time amplification and detection methods. 


LIGHTCYCLER is a trademark of Roche. 


The technology used for the LightCycler® System is licensed from Idaho Technology, 
Inc., Salt Lake City, UT, USA. 


© 2005 Roche Diagnostics GmbH. All rights reserved. 


accurate by design 


For years, Roche has provided real-time automated PCR solutions you can 
count on. Now, you can obtain the proven performance and benefits of the 
original LightCycler® System in a 96- or 384-well instrument platform for high- 
throughput applications — the new LightCycler® 480 Real-Time PCR System. 


Speed — Save time without sacrificing the quality of your results — precise, 
high-speed temperature changes maximize specificity and yield. 


Accuracy — Benefit from our novel thermal block and data-capture 
technologies to eliminate edge-effects for outstanding accuracy and precision. 


Versatility — Combine 5 excitation and 6 detection channels, multiple probe 
formats, proven analysis software, and true master mix reagents to meet your 
specific application needs. 


Compatibility — Take advantage of the instrument’s automation and LIMS 
capabilities to interface with your current systems and future workflows. 


Visit] www.roche-applied-science.com/lightcycler480| for more 
information. 


Roche Diagnostics GmbH 
Roche Applied Science 
68298 Mannheim 
Germany 
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Lapse in Understanding 


Some reconstructions of recent warming in the troposphere 
based on satellite data have indicated that the troposphere has 
warmed since 1979 (when the data were initially collected) at 
a rate considerably less than that, which should be expected 


edited by Stella Hurtley and Phil Szuromi 


lent of millimeter-scale bumps on a soccer field). Using a com- 
bination of atomistic and continuum modeling, Moseler et al. 
(p._1545) show that when the carbon atoms are implanted, 
they generate particle currents that smooth out neighboring 
hills and valleys. 


from surface temperature 
measurements. Three studies 
(all published online 11 Au- 
gust 2005) reassess these 
data and reconstructions in 
favor of the surface tempera- 
ture trends. Mears and 
Wentz (p. 1548) identify an 
error in the diurnal correc- 
tion that has been applied to 
the satellite data, and derive 
a physically consistent one 
of the opposite sign, whose 
application brings into agree- 
ment a newer reconstruction 
of tropospheric warming, 
model calculations, and sur- 
face temperature measure- 
ments. Sherwood et al. (p] 
[1556) show that a spurious 
temporal trend was intro- 
duced into tropospheric tem- 
perature profiles recorded by 
radiosondes through changes 
in instrumentation made 
over time that involved solar 
heating of the instrument 
above ambient tempera- 
ture. Correction for this bias 
brings many of the radio- 
sonde data into better agree- 


Mining the Mammalian Genome 
and Transcriptome 


Analyses of the mammalian genome sequence and 
its corresponding transcriptome have revealed a 
complex assembly of information that provides 
great diversity through its varied sequence ele- 
ments. Hayashizaki et al. use a combina- 
tion of approaches [complementary DNA (cDNA) 
isolation, 5’ and 3’-end sequencing of cDNAs, and 
ditag sequencing] to reveal a large number of novel 
cDNAs, noncoding RNAs, and proteins, as well as 
information about overlapping transcripts, 
alternative sites for transcription initia- 
tion and termination, and elements for 
splicing variation. In a second paper, 
Hayashizaki et al. (p. 1564) explored 
sense/antisense (S/AS) expression 
and found that the density of S/AS 
transcripts varies across the 
genome; about 72% of all tran- 
scription units overlapping 
with expression of the op- 
posite strand. S/AS 
pairs can be coreg- 
ulated or can 
be reciprocally 
or discordantly 
regulated. 


Twisting a Fine Wire 


By linking a single-walled carbon nano- 
tube to a macroscale metal block, 
Meyer et al. (Pp. 1539) have created a 
torsional pendulum whose end is visi- 
ble in an optical microscope that ro- 
tates about a single molecule. When 
placed in a transmission electron mi- 
croscope, the pendulum twists because 
of charging of the metal block. Oscilla- 
tions set up by thermal effects can also 
be discerned. This experimental setup 
can also be used to determine the he- 
licity of the carbon nanotube in diffrac- 
tion experiments. 


Cut and Couple 


In the Kondo effect, localized spins, such 
as magnetic impurities in nonmagnetic 
metal, can couple to conduction elec- 
trons and cause resistivity to increase 
with decreasing temperature. Zhao 
et al. (p. 1542} see the Perspective by 
Crommie) show that the effect of the 
magnetic moment of a single adsorbed 
magnetic atom can be changed by al- 
tering its chemical environment. Using 
a scanning tunneling microscope (STM) 


ment with models and the 
surface temperature record, 
particularly in the tropics, where the disagreement between 
surface and expected tropospheric temperatures was most pro- 
nounced. Santer et al. (p. T5517) examined patterns of the am- 
plification of surface temperature trends in the tropical tropo- 
sphere using 19 different models. They show that the recon- 
structions used to argue that the troposphere was not warming 
are inconsistent with our understanding of the physical 
processes that control the vertical temperature structure of the 
atmosphere (the lapse rate). 


Hard but Smooth 


High-energy carbon atoms can 
be deposited onto a substrate to 
form a hard diamondlike coating 
that can provide wear resistance in applications ranging from 
hard drive to hip joints. Despite the 
energetic conditions of their forma- 
tion, these films are extremely 
smooth—the roughness can be as 
low as 0.1 nanometers on a lateral 
area of 1 square micrometer (equiva- 


as a probe, they observed no Kondo 
effects when cobalt phthalocyanine 
(CoPc) was adsorbed on the (111) surface of gold. However, 
when they used the STM tip to dehydrogenate the Pc ligand, 
the local magnetic moment of the Co ion interacted with 
surface Au electrons to produce a Kondo effect with a high 
Kondo temperature (~200 kelvin). 


Small RNA Assay of Arabidopsis 


Small noncoding RNAs, in the form of small interfering RNAs 
(siRNAs, intermediates in RNA interference) and microRNAs 
(miRNAs), play vital roles in eukaryotes’ cell biology, but are by 
their very nature difficult to detect. Lu et al. have now 
thoroughly characterized small RNAs in the plant Arabidopsis 
through a massively parallel signal sequencing of more than 2 
million such RNAs. Although they identify many siRNAs, particu- 
larly from transposons, centromeric regions, and other repeats, 
few are associated with overlapping antisense transcripts, which 
suggests that antisense transcription may regulate gene expres- 
sion mainly through transcriptional interference. They also identify 
a significant number of new miRNAs but generally do not find 
evidence for miRNA transitivity. 

CONTINUED ON 
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PGEz ELISA (2-hr assay) 
Leukotriene C4 EIA 
Thromboxane Bz EIA 
Leukotriene B4 EIA 
8-lsoprostane EIA 
CGRP ELISA 

Cyclic GMP EIA 
Glutathione Assay 
Cyclic AMP EIA 

PGE2 EIA 
Corticosterone EIA 
TNFa (human) ELISA 
SOD Assay 

LPO Assay 


Insulin EIA 
PGEp FPIA 
Cortisol EIA 
Catalase Assay 

Substance P ELISA 
PGE-Metabolite EIA 

PAF Acetylhydrolase Assay 
Glutathione Peroxidase Assay 
Interleukin-6 (hUMan) ELISA 
Testosterone EIA 

6-keto PGFiag EIA 

Endothelin EIA 

Histamine EIA 

PGD2-MOxX EIA 

cPLA2 Assay 

Leptin ELISA 

]1-dehydro Thromboxane Ba EIA 
Creatinine Assay 

Estradiol ElA 

Interleukin-1B (human) ELISA 
Antioxidant Assay 

Nitrate/Nitrite Assay 
Glutathione S-Transferase Assay 
iPFag-VI EIA 

Aldosterone EIA 

Enterolactone EIA 

HDAC Assay 

Renin Inhibitor Assay 

Protein Carbonyl Assay 

Ghrelin (Active) ELISA 

PGDz2 FPIA 

Vitellogenin ELISA 

Leukotriene E4 EIA 


We, 


and many more... 


e je) of e e e 
immunoassays «nc cell-signaling kits 


~ 


J CHEMICAL 
www.caymanchem.com/kitg 


New Platforms for Cayman's Eicosanoid 
Assays 

Several of Cayman's eicosanoid assays are being optimized 
for use on both the Luminex® and Meso Scale Discovery™ 
platforms. Both systems offer multiplexing capabilities for the 
measurement of several analytes from a single sample. 
Contact our sales or technical staff to discuss the application 
of these assays for your sample analysis needs. 


@ QoQ Luminex. 


PGE, 
Meso Scale Discovery PGDg 
TXB 
PGE, LTB, 
PGD» 11-dehydro TXB, 
TXBo cysteinyl leukotrienes 
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Noncoding RNAs at Work 


One type of the small noncoding RNAs (ncRNAs), microRNAs (miRNAs), are about 21 
nucleotides in length and are believed to regulate gene expression either through 
messenger RNA (mRNA) cleavage or by translational repression. Pillai et al. 
published online 4 August 2005) show that in human cells, the miRNA let-7 represses 
gene expression by inhibiting translation initiation of capped mRNAs, rather than 
through a degradation mechanism. This repressive machinery appears to be localized 
to cytoplasmic processing (P) bodies, where mRNAs are stored or degraded. A large 
fraction of eukaryotic genomes are transcribed into ncRNAs, some of which, such as 
miRNAs or the much larger Xist ncRNA, have known functions. However, the great 
majority of ncRNAs are of unknown functional significance. Willingham et al. 
(p._1570) have developed a method for identifying functional ncRNAs—looking for 
evolutionary conservation and using a battery of cell-based RNA-interference 
assays—and have characterized the noncoding repressor of NFAT (NRON) that 
represses the transcription factor NFAT (nuclear factor of regulated T cells), probably 
though modulation of NFAT’s cellular localization. 


Trapped by an Editor < y 


A family of RNA editing enzymes, adenosine deami- = fg 
nases that act on RNA (ADARs), is important for proper %, 

neuronal function and are implicated in the regula- wm 
tion of RNA interference. Macbeth et al. ~ 
determined the crystal structure of human ADAR2 
at 1.7 angstrom resolution. Surprisingly, inositol hexa- 
kisphosphate (IP,) is buried within the fold of the en- 
zyme core. Activity assays show that IP, is required 
for hADAR2 activity and for the activity of a yeast 
RNA editing enzyme, ADAT1. 


Small Takeover, Big Gain 


Viruses exploit host functions in many ways in order to replicate. Identified functions 
now include taking over host-encoded microRNAs (miRNAs) that play a crucial role in 
RNA interference, a recently discovered mechanism of gene regulation. Studying the 
human pathogen hepatitis C virus (HCV), Jopling et al. (B. 1577) show that a host 
miRNA that is abundantly expressed in the liver, where the virus replicates, interacts 
with the 5’ noncoding region of the viral RNA. This interaction leads to an increase in 
HCV RNA and possibly contributes to viral persistence in the liver. Inactivation of this 
miRNA could be a useful therapeutic strategy for HCV, which is estimated to affect 
170 million people worldwide. 


Similarities in Splicing 

Group | self-splicing introns have been thought to be distinct from their group II 
cousins and messenger RNA (mRNA) splicing reactions in not generating a lariat 
(looped) intermediate that is subsequently removed from the spliced product. 
Nielsen et al. (p. 1584) show a group I-like ribozyme from the slime mold Didymi- 
um iridis also produces a lariat. The DiGIR1 ribozyme cleaves its RNA target to form 
a microlariat at the extreme 5’ end of its parent homing endonuclease mRNA. The 
lariat might function in an analogous manner to the cap found on regular poly- 
merase II mRNAs. The evolution of the GIR1 ribozyme might parallel a possible step 
in the evolution of mRNA splicing. Biochemical studies of group 1 intron splicing 
have shown that both of its chemical steps require divalent metal ions, and several 
metal ligands have been identified. Mechanisms involving either two or three metal 
ions have been proposed. Stahley and Strobel (p. 1587) have determined the struc- 
ture of an intron splicing intermediate that is active in catalyzing exon ligation. 
The active site contains two Mg** ions that coordinate all six of the biochemically 
identified ligands. Thus, an RNA phosphotransferase can function through a two- 
metal-ion mechanism. 
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DNASTAR Lasergene 
software is synonymous 
with sequence analysis. 


For over 20 years, Lasergene has 
continued to meet molecular biologists’ 
needs for desktop sequence analysis. 
Whether for Win or Mac platforms, 
discover how Lasergene software can 
help in your sequence analyses and 
help you discover the order of nature. 


To download a free fully-functional 
version contact: 


DNASTAR, INC 
WWW.DONASTAR.COM 
MADISON, WI, USA 
608-258-7420 
TOLL FREE: 866-511-5090 
INFO@DNASTAR.COM 


IN GERMANY: GATC BIOTECH AG 
WWIW.GATC-BIOTECH.COM 
KONSTANZ, GERMANY 
+49 (0)7531 81600 
SERVICE@GATC-BIOTECH.COM 


IN JAPAN: 
NETWELL CORPORATION 
WWW.NETWELL.COLJP 
TOKYO, JAPAN 
+81-3-5368-3446 
INFO@NETWELL.CO.JP 


DNASTAR 
% Lasergene 


What if moving from one particular 

protein to the most relevant journal 

and patent literature were as easy 
as pushing a button? 


See 


Not only does SciFinder provide access to more proteins and nucleic acids than any 
publicly available source, but they’re a single click away from their referencing patents 
and original research. 


Coverage includes everything from the U.S. National Library of Medicine’s (NLM) MEDLINE® and 
much more. In fact, SciFinder is the only single source of patents and journals worldwide. 

Once you’ve found relevant literature, you can use SciFinder’s powerful refinement tools to focus on a 
specific research area, for example: biological studies such as target organisms or diseases; expression 
microarrays; or analytical studies such as immunoassays, fluorescence, or PCR analysis. From each reference, 
you can link to the electronic full text of the original paper or patent, plus use citation tools to track how 
the research has evolved and been applied. 

Visualization tools help you understand results at a glance. You can categorize topics and substances, 
identify relationships between areas of study, and see areas that haven’t been explored at all. 

Comprehensive, intuitive, seamless—SciFinder directs you. It’s part of the process. ‘To find out more, call 


us at 1-800-753-4227 (North America) or 1-614-447-3700 (worldwide) or visit}www.cas.org/SCIFINDER. 


SciFinder’ 


Part of the process:" 


® 
COBH A division of the American Chemical Society. SciFinder is a registered trademark of the American Chemical 
Society. “Part of the process” is a service mark of the American Chemical Society. 
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The Last Great Apes? 


orty years ago, adolescent Figan set off confidently into the woods of Tanzania as though he knew of a 
food source even richer than the bananas near Jane Goodall’s camp. Older and stronger chimpanzees 
would follow him away. Then he’d lose them and circle back to gorge himself on bananas. One day, a 
high-ranking male turned up in the meantime and sat eating, in full possession of the site. When Figan 
returned he stared for a few seconds at the unchallengeable male, then threw a tantrum, screaming and 
hitting the ground. Figan finally left camp unfed, his screams still echoing behind him. 

Forty years ago, behavioral scientists hardly believed that story. We had schooled ourselves to think of animals as 
devoid of foresight and powered by mechanical “drives” that didn’t count as emotions. The pioneers of ape field 
study—the Japanese researchers Itani, Nishida, and Kano; the “Trimates” Goodall, Fossey, and Galdikas; and the 
British Broadcasting Corporation films by Attenborough—taught us instead to trust our own 
evolved empathy. We now know that apes may actively encourage or deceive each other, 
transmit learned tool cultures, gang-kill rivals, or adopt motherless orphans. Above all, each is 
an individual who is politically astute or brutal, nurturing or careless, playing his or her own role 
in a complicated society. Now we look into the eyes of an ape and see someone looking back. 

Does our empathy lead to action? Roughly 100,000 gorillas, 100,000 chimpanzees, 
10,000 bonobos, and 30,000 orangutans survive today in the wild. Some forms are critically 
endangered: About 200 Cross River gorillas remain in Nigeria and Cameroun; about 6000 
Sumatran orangutans survive, swinging their full-body orange dreadlocks. All the great apes 
of the world together number less than the human population of Brighton, England; the most 
numerous species, less than the people of Abilene, Texas. 

Apes lose their lives to logging and clearing and bushmeat hunters. They are shot by 
raiding armies. Half of the countries of Africa and Asia where apes live have suffered recent 
wars or natural disasters. Perhaps 80 or 90% of lowland eastern gorillas disappeared during 
the fighting in Congo in the past 3 years. The 26 December 2004 tsunami that devastated 
Aceh, Sumatra, will put ever-greater pressure on Sumatra’s Gunung Leuser National Park. 
One population of the park’s orangutans lived at the highest known density of the orange 
apes—high enough for them to associate with each other and pass on social traditions of tool 
use, unlike any other wild orangutans. However, Gunung Leuser is estimated to lose up to 
1000 orangutans per year to logging and warfare. 

There is hope, though. The gorillas of the Virunga Volcanoes were spared during the 
Rwandan genocide, when some 800,000 people died. Dedicated foreign and Rwandan conservationists have made 
ecotourism a major source of foreign exchange and have spread education about the gorillas’ cash value as well as 
their similarity to human beings. People in any country can be proud of great apes in their midst, but only with the 
support of those who can afford to help. 

The Great Ape Survival Project (GRASP) links the 23 ape range-state governments with all the different 
organizations working for great apes, as well as with the United Nations (UN) Environment Programme and the 
UN Educational, Scientific and Cultural Organization. Is this just another layer of bureaucracy? No. GRASP is a 
heroic effort to aid global treasures on a global scale. Each separate forest and its denizens can only be saved 
locally, and each needs the backing of its own country’s people and government. In turn, each government needs 
to appreciate the importance of what it holds. Politicians are not impressed by wildlife that doesn’t lobby and 
doesn’t vote. GRASP is the coordinating lobby in favor of humankind’s nearest relatives. 

The sequencing of the chimpanzee genome* is a huge step toward discovering how building blocks of information 
are assembled to construct either ape or human. Even so, geneticists are all too aware that a genome is only part of the 
story of an individual, let alone a species. The nature of genetic variability between individuals, populations, and 
species can and will find objective measures, but the future of individuals, populations, and species will never be 
solved by genetics. 

It will only be solved by action—practical political action based on respect for other individuals—even if those 
individuals are only almost human. 

Alison Jolly 


Alison Jolly is a visiting senior scientist at Sussex University in Brighton, UK. 
*The initial sequence of the chimpanzee genome and its comparison with the human genome has been published in Nature 437,69 (2005). 


10.1126/science.1111873 
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In science one tries to tell 
people, in such a way as to 
be understood by everyone, 
something that no one ever 
knew before. 


Paul Dirac 


British physicist (1902-1984) 


Mankind gains new knowledge when we investigate the unknown that still surrounds us. Shimadzu believes in the value of 
science to transform society for the better. For more than a century, we have led the way in the development of 
cutting-edge technology to help measure, analyze, diagnose and solve problems. The solutions we develop find 
applications in areas ranging from life sciences and medicine to flat-panel displays. We have learned much in the past 
hundred years. Expect a lot more. 


® SHIMADZU 
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HIGHLIGHTS OF THE RECENT LITERATURE 


MICROBIOLOGY 
In Living Color 


Gram-negative bacteria, such as 
Salmonella, use a specialized secre- 
tion system (type Ill) to inject target 
eukaryotic cells with bacterial effec- 
tor proteins that subvert the target 
cell's machinery and promote bacte- 
rial virulence. Schlumberger et al. have used time-lapse 
microscopy to follow in real time the type III injection 
of mammalian tissue culture cells by Salmonella. They 
observed the delivery of the bacterial effector protein 
SipA into the host cytosol using a green fluorescent 
protein (GFP) fusion to InvB (a binding partner of SipA) 


ALATA 
eSalmonellay 
of ATA BALA 


to measure the kinetics of arrival. Bacteria were mixed 
with mammalian cells, and individual bacterium-cell interactions were monitored to see 
how much SipA remained in the bacterium. After the initial attachment, effector protein 
was transported into the target cell over the subsequent 1 to 10 min, leaving the bacterium 
virtually devoid of SipA. The results vividly illustrate the efficiency of the type III secretion 
system, a key weapon in the establishment of a niche for bacterial multiplication. — SMH 

Proc. Natl. Acad. Sci. U.S.A. 102, 12548 (2005). 


PSYCHOLOGY 
An Unsteady State 


Neuroticism has often been 
linked with instability, manifest 
as a tendency to worry excess- 
ively, to respond to similar situa- 
tions in a variable fashion, or to 
cope poorly when emotionally 
stressed. What might be the 
neural mechanisms underlying 
the expression of this trait, 

and would they affect high- or 
low-level cognitive processes? 
Previous studies have begun to 
address the extent of trial-to- 
trial variation in neuronal firing 
rates and patterns, as well as 
the behavioral consequences of 
that variability. 

Robinson and Tamir have used 
anested series of reaction time 
tasks—requiring (i) stimulus 
detection, (ii) stimulus detection 
and discrimination or (iii) 
stimulus detection and 
discrimination and response 
selection—and find that 
mean reaction time increases, 
as expected, over this series. 
In contrast, self-reported neuro- 
ticism did not correlate with 
mean reaction time but did 
correlate with the standard 
deviation of reaction time across 


all three tasks. They suggest 
that individuals scoring high 
on neuroticism, even though 
motivated or conscientious, 
may suffer from unreliable or 
inefficient low-level cognitive 
processing, which contributes 
to less stable and successful 
behavior. — GJC 

J. Pers. Soc. Psych. 89, 107 (2005). 


MATERIALS SCIENCE 


Capturing the Fine 
Details 


Titanium has long been used 
as an orthopedic implant 
material because it is strong 
and relatively light. Many 
studies have shown in vitro 
that when the surface oxide 
layer is rough, 
osteoblasts 


Atomic force microscopy of 
nanophase titania (left) 
and a PLGA replica (right). 


SCIENCE 


LySalmonellary 
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ABA 
Salmonella 


Injection of SipA (blue) and detection 
by GFP-InvB (green). 


(the bone-forming cells) 
deposit more calcium. 
However, these studies have 
not determined whether 
the enhanced activity is 
due to the surface roughness, 
crystallinity, crystal phase, 
or surface chemistry of the 
nanostructured material. 
Pallin et al. generated 
surface replicas using poly- 
lactic-co-glycolic acid (PLGA) 
to capture the roughness of 
conventional and nanostruc- 
tured titania. In experiments 
with osteoblasts, both adhesion 
and proliferation were greater 
on the nanostructured titania 
and the PLGA replicas. The 
higher number of surface 
atoms, defects, and surface 
electron delocalizations may 
influence the initial cell- 
surface interactions 
and thus lead to the 
improved adhesion. 
An examination 
of samples from 
a bovine femur 
showed roughness values 
comparable to that of nano- 
structured titania, supporting 
the role of texture in affecting 
bone growth. — MSL 
Nanotechnology 16, 1828 (2005). 
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CHEMISTRY 


Reviving Bohr 
Molecules 


Before the Heisenberg- 
Schrédinger formulation of 
quantum mechanics, the semi- 
classical Bohr-Sommerfeld 
theory successfully accounted 
for quantized properties such 
as the energy levels in the 
hydrogen atom. However, the 
forcing of closed orbits for 
particle motion ran afoul of 
the uncertainty principle. 
Recently, the use of D scaling, 
in which the motion of each 
particle is described by a vector 
in D dimensions, was used to 
reintroduce the uncertainty 
principle to this earlier theory. 
When properly done, such 
equations reduce to the correct 
Schrédinger form for D = 3 
but can still be solved in the 
more tractable D — © limit. 
This D scaling approach was 
applied successfully to atoms 
but did not yield bound states 
for molecules. 

Svidzinsky et al. have devel- 
oped aD scaling description 
that fully quantizes one of the 
angles describing the interelec- 
tron coordinates and properly 
weights the contribution of 
electron-electron repulsion. 
After application of a leading 
correction term in 1/D, the 
potential energy curves for the 
lowest singlet, triplet, and 
excited states of H, are in good 
agreement with accepted values 
after minimal numerical calcu- 
lation. The procedure also yields 
reasonable agreement for the 
ground state of BeH.— PDS 

Phys. Rev. Lett. 95, 080401 (2005). 


NEUROSCIENCE 
One Singular Sensation 


While not everyone enjoys 
the zing that garlic imparts 
to culinary fare, a variety of 
cultures—dating back to the 
ancient Egyptians—have 
firmly believed that the herb 
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genome. Gene knockout using the TargeTron system has 
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lactis, Clostridium perfringens, Shigella flexneri and Sal- 
monella typhimurium. 


Targeted and permanent gene disruption 


Simple, streamlined protocol; Knockouts in 
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has extraordinary medicinal powers. 
Although its health benefits remain 
somewhat contentious, garlic is 
currently marketed as an alternative 
therapy for high blood pressure, high 
cholesterol levels, excessive blood 
clotting, and many other disorders. 
Garlic’s pungent taste and odor are 
due to sulfur-containing components 
such as allicin, whose physiological 
mechanism of action has been unclear. 
Bautista et al.and Macpherson et al. 
show that allicin activates an excitatory 
ion channel called TRPA1, which is 
expressed on sensory neurons involved 
in innervation of the skin, tongue, and 
other tissues, including vascular smooth 
muscle. Based on experiments with 
isolated rat arteries, Bautista et al. pro- 
pose that allicin-induced excitation of 
these neurons causes release of peptides 
that mediate vasodilation, which could 
potentially explain garlic’s effect on 
blood pressure. Interestingly, the TRP 
family of ion channels had previously 
been identified as the molecular target of 
ingredients in other spicy foods such as 
chili peppers, wasabi, and yellow mustard, 
suggesting that these compounds all 
activate a common pathway. — PAK 


Proc. Natl. Acad. Sci. U.S.A. 102, 12248 (2005); Curr. Biol. 
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CHEMISTRY 
Magnetic Catalysts 


In the chemical synthesis of drugs, the 
route via homogeneous catalysis by 
metal complexes is plagued by the 
challenge of separating residual toxic 
metal from the product. Binding the 
catalyst to a heterogeneous support 
can simplify this purification step, but at 
the expense of reducing the mixing effi- 
ciency between catalyst and reagent. 
Hu et al.have found a compromise 
by fusing a ruthenium catalyst to mag- 
netite (Fe,O,) nanoparticles. The tiny 
particles mix efficiently with molecular 
reagents and would ordinarily be hard to 
remove by filtration, but by holding a 
small magnet to the flask, the authors 
can retain the catalyst and decant the 
product. The Ru complex, a variant of 
Noyori’s binaphthyl-based asymmetric 
hydrogenation catalyst, was attached 
to 8-nm-diameter particles through a 
phosphonate group. A range of aromatic 
ketones were reduced quantitatively 
to alcohols at room temperature and 
0.1 mol % catalyst loading, with enan- 
tiomeric excesses ranging from 77 to 
98%, and the catalyst could be recycled 
10 times without loss of activity. — JSY 


15, 929 (2005). J. Am. Chem. Soc. 10.1021/ja0538810 (2005). 


HIGHLIGHTED IN SCIENCE'S SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT 


Geometry of Cell Proliferation 


Localized differences in cell proliferation can help sculpt 
tissues during morphogenesis and produce the complex 
structures found in mature organisms. In some cases, how- 
ever, changes in tissue structure occur before changes in cell proliferation. To 
show that geometry could itself feed back and regulate cell proliferation, Nelson 
et al.cultured bovine pulmonary artery 

endothelial cells on small fibronectin- 
coated islands surrounded by non- 
adhesive regions. Examination of 
cell growth on islands of different 
sizes and shapes—or on undulating 
surfaces—revealed distinctive and 
nonuniform patterns of prolifera- 
tion. A finite element model predicted 
that cell proliferation would be greatest 
in regions of high mechanical stress; this 
was confirmed by culturing cells on a 
force sensor array that allowed traction forces to be measured directly. 
Pharmacological inhibition of Rho kinase, myosin light-chain kinase, or nonmus- 
cle myosin II ATPase (to decrease tension generated through the cytoskeleton), 
or disruption of cadherin-mediated intercellular adhesions, attenuated gradients 
of cell proliferation, whereas expression of a constitutively active RhoA mutant 
enhanced them. — EMA 


www.stke.org 


Cell proliferation (red, high; violet, low) 
in the model (left) and in the dish (right). 


Proc. Natl. Acad. Sci. U.S.A. 102, 11594 (2005). 
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GE Healthcare helps predict, diagnose, inform and treat so that 


every individual can live life to the fullest. GE Healthcare employs 
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As well as publishing the journal Science, AAAS is an international 
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DISEASE: 


A 20-YEAR RIDDLE 


Well that’s just what one young scientist did when she unlocked 
the secrets of the spliceosome, a crucial molecular machine within 
the cell. Dr. Saba Valadkhan’s breakthrough discovery won her the 
2004 Young Scientist Award. 


The spliceosome plays a key role in human health. Errors in its 
function are thought to cause up to 50% of all genetic disease — the 
tiniest mistake can result in retinal degeneration or neurological 
disease. A clear understanding of how this large and complex 
structure works had evaded scientists despite two decades of 
research. But Dr. Valadkhan has changed that with the successful 
development of a novel, minimal spliceosome stripped down to the 
core elements. This is now shedding light on how spliceosome errors 


translate into mistakes in gene expression. 


Dr. Valadkhan won the grand prize in the 2004 Young Scientist Award 
competition with an essay based on her research in this area. She is 
now an assistant professor at the Center for RNA Molecular Biology 
at Case Western Reserve University in Cleveland, Ohio (USA). 
She says: “The prize has been very beneficial to my career. It has 
given me valuable new connections, and a great deal of recognition 
in the scientific community. It has also helped me see my work in 


a wider context, and understand what science is really all about.” 


Established and presented by: 


YOUR OPPORTUNITY TO WIN IS NOW 


The Young Scientist Award was established in 1995, 
and is presented by Science/AAAS and GE Healthcare. 


The aim of the prize is to recognize outstanding most 


recent Ph.D.s from around the world and reward their 
research in the field of molecular biology. 


This is your chance to gain international acclaim and 
recognition for yourself and your faculty. If you were 
awarded your Ph.D. in molecular biology* during 2004, 
describe your work in a 1,000-word essay. Then submit 
it for the 2005 Young Scientist Award. Your essay will 
be reviewed by a panel of distinguished scientists who 
will select one grand prize winner and up to seven 
regional winners. The grand prize winner will get his or 
her essay published in Science, receive US$25,000, 
and be flown to the awards ceremony in St. Louis, 
Missouri (USA). Entries should be received by 
September 30, 2005. 


Go to]www.aaas.org/youngscientistaward| to find the 


entry form. We wish continued success to Dr. Valadkhan. 


And to you. 


Read Dr. Saba Valadkhan’s latest findings in RNA. 
2003 Jul, 9 (7): 892-904. 


imagination at work 


* For the purpose of this prize, molecular biology is defined as “that part of biology which attempts to interpret biological events in terms of the physico-chemical properties of molecules in a cell” 


(McGraw-Hill Dictionary of Scientific and Technical Terms, 4th Edition). 
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Tne only place 
certain genes 
ever SNOW UD 


Applied Biosystems Expression Array System is the world’s only system that offers 
completely annotated and manually curated gene sets for human, mouse and rat. 


Seamless integration with a full suite of Applied Biosystems products 
Analyze and verify data in one continuous process with the PANTHER™ 
Protein Classification System and TaqMan® Gene Expression Assays. 


The most complete gene content and comprehensive annotation available 
Only Applied Biosystems microarrays are designed from both public and 
Celera databases. They are also the most fully annotated microarrays available, 
for unambiguous, high quality results. 


Higher levels of sensitivity 
Novel chemiluminescence chemistry detects expression events at lower levels, 
identifies more genes, and uses minimal amounts of sample. 


To learn more about the Applied Biosystems Expression Array System visit }www.wholegenomearray.co 
AS Applied 
<w® Biosystems 
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with 454 sequencing services eee 


Take the inside track with fast, accurate and 
cost-effective whole genome sequencing. 
Using proprietary technology, we can 
sequence over 20 mbps in a 4-hour run at a 
cost that makes whole genome sequencing Complete your research in record time. 


practical for a wider range of your projects. Put 454 Life Sciences Measurement Services 
Choose from our full range of high-speed 


sequencing services including: 


You supply the sample. We do the work, 
and provide you with high-quality data in 
industry-standard format. 


to work on your next sequencing project. 


Call 203-871-2300 or email 


¢ Microbial strain variant comparison 

¢ Resequencing for mutation identification 
¢ Raw reads for a variety of sample types 
¢ Whole genome de novo sequencing and 


assembly of microbial genomes 
454 LIFE 
SCIENCES 


get there faster 


454 Life Sciences Measurement Services 


203-871-2300 ||msc@454.com 


RESOURCES 
Gauging 
Nanotech 
Risks 


From stain-resistant pants that repel liquids with tiny bristles to 
tennis rackets reinforced with carbon nanotubes, more products 
that rely on nanotechnology are hitting the market. But inves- 
tigation of possible hazards from nanomaterials has lagged 
(Science, 1 July 2005, p. 36). To assess the state of the research, 
visit this new database of nanotech’s risks. A joint project of the 
International Council on Nanotechnology and Rice University’s 
Center for Biological and Envi- 
ronmental Nanotechnology 
(CBEN) in Houston, Texas, the 
site compiles abstracts for hun- 
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edited by Mitch Leslie 
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A Drying Trend 


Seven years of below-normal precipitation have slashed the 
amount of water in the Missouri River by nearly one-third, threat- 
ening wildlife and disrupting transportation, power generation, and 
agriculture. Researchers and the general public can find out 
whether dry conditions will persist in the Midwest and elsewhere in 
the country at the Drought Monitor, hosted by the University of 
Nebraska, Lincoln. The site unites information from federal and 
academic sources to produce assessments of current drought con- 
ditions along with predictions. For example, experts foresee more 
rain across the Midwest but continuing drought in the Northwest. 


dreds of nanoparticle-related 
environmental health and 
safety studies dating back to 
1962. For example, you can 
locate recent papers on the 
possible harm to cells from 
quantum dots, minute semi- 
conductor crystals deployed to 
pinpoint cancer (above), and 
track molecular movements. 
“The real value added here is 
that the research is being inter- 
preted [and catalogued] by 
people who understand nano- 
particles,” says Kevin Ausman, 
co-executive director of CBEN. 


First Impressions 


After their ships hove into Sydney Harbor in 
January of 1788, the first British colonists in 
Australia ran low on food and supplies. But they 
still managed to render some 600 drawings and 
paintings of the unexplored continent's land- 
scape and natural history. Browse these early 
views of Oz at the First Fleet Artwork Collection 
from the Natural History Museum in London. 
The Rembrandt of the colony’s artists is Thomas 
Watling, a trained painter who had previously 
applied his talent as a forger. For zoologists and 
botanists, the works capture some of the first 
views of Australia’s unusual plants and animals. 
For anthropologists, illustrations such as this 
portrait of an aboriginal man named Balloderree 
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Targeted initially at scientists, 
the database will eventually 
include summaries for the gen- 
eral public and the media. 


(right) provide the only records of the local 
Eora people, who died out within 20 years of 
the settlers’ landing. 

internt.nhm.ac.u dsml/nature-online/first-fleet 
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Broken Genes 


Many changes, such as a lost DNA segment or stretches 
of flipped nucleotides, can corrupt genes and cause dis- 
ease. The Human Gene Mutation Database, hosted by 
Cardiff University in the United Kingdom, identifies the 
errors that contribute to a long list of ailments—from 
the rare immune disorder Chediak-Higashi syndrome 
to common maladies such as type Il diabetes. The 
expanding clearinghouse lists more than 47,000 dis- 
ease-linked glitches in our DNA, all gleaned from pub- 
lished papers. Users can search the database by gene or 
by illness. The results, organized by type of mutation, 
connect to PubMed abstracts. 
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Way Out Molecules 


Cloaked by an atmosphere teeming with 
methane, carbon monoxide, and many other mol- 
ecules, Saturn’s hefty moon Titan is an astrochemist’s dream. 
But interesting compounds also linger elsewhere in space, as you 
can see at The Astrochymist created by David Woon of the Molecular 
Research Institute in Mountain View, California. Two tables summarize 
the molecules researchers have detected on our solar system’s planets 
and moons. The tally for Titan, for example, stands at 14—more than twice as 
many as on Mars. Other listings furnish similar information about stars, comets, 
and interstellar space. The site also offers a news archive and an “astromolecule 
of the month” feature that profiles examples such as the reactive cyclo- 
propenylidene (above), which might spawn other space compounds. 


Send site suggestions to[netwatch@aaas.org]Archive:|www.sclencemag.org/netwatch 
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Chimp Genome Catalogs 
Differences With Humans 


Anyone who has ever looked into the eyes of 
a chimpanzee has wondered what separates 
them from us. Now, in a raft of papers in this 
week’s Nature and other journals, including 
Science (see pp. 1457, 1498, and 1499), inter- 
national teams of researchers present a 
genetic answer to that question. 

Scientists produced a rough draft of the 
chimpanzee DNA sequence, and aligned it 
with the human one, and made an intimate 
comparison of the chimp and 
human genomes. “It’s wonder- 
ful to have the chimp genome,” 
says geneticist Mark Adams of 
Case Western Reserve Univer- 
sity in Cleveland, Ohio, who 
was not on the papers. “It’s the 
raw material ... to figure out 
what makes us unique.” 

The papers confirm the 
astonishing molecular similar- 
ity between ourselves and 
chimpanzees. The average pro- 
tein differs by only two amino 
acids, and 29% of proteins are 
identical. The work also reveals 
that a surprisingly large amount 
of genetic material—2.7% of 
the genomes—has been in- 
serted or deleted since humans 
and chimps went their separate 
evolutionary ways 6 million years ago. 

But those hoping for an immediate answer 
to the question of human uniqueness will be 
disappointed. “We cannot see in this why we 
are phenotypically so different from the 
chimps,’ says Svante Paabo of the Max Planck 
Institute of Evolutionary Anthropology in 
Leipzig, Germany, a co-author on one Nature 
paper and leader of a study in Science compar- 
ing gene expression in chimps and humans 
(see|www.sciencemag.org/cgi/content/ 
labstract/1108296). “Part of the secret is hid- 
den in there, but we don’t understand it yet.” 

Instead, the papers delve deeply into the 
genomic differences between us and our clos- 
est living relatives, revealing a flurry of rela- 
tively recent insertions and deletions in both 
human and chimp DNA, and mutational 
hotspots near the ends of chromosomes. “[A] 
genome is like the periodic table of the ele- 


ments,” says Ajit Varki of the University of 
California, San Diego. “By itself it doesn’t 
tell you how things work—it’s the first step 
along a long road.” 

The researchers in the Chimpanzee 
Sequencing and Analysis Consortium deci- 
phered DNA taken from an adult male named 
Clint; the draft sequence was announced but 
not formally published in 2003. Now the team, 
led by Robert Waterston of the University of 


Allin the family. Genome data reveal a few surprising differences between chimps 
and humans but overall confirm our close kinship. 


Washington (UW), Seattle, confirms in 
Nature the oft-cited statistic that on average 
only 1.23% of nucleotide bases differ between 
chimps and humans. 

But as suggested by earlier work on por- 
tions of the chimp genome, other kinds of 
genomic variation turn out to be at least as 
important as single nucleotide base changes. 
Insertions and deletions have dramatically 
changed the landscape of the human and 
chimp lineages since they diverged. Duplica- 
tions of sequence “contribute more genetic dif- 
ference between the two species—70 mega- 
bases of material—than do single base pair 
substitutions,” notes Evan Eichler, also of UW, 
Seattle, who led a team analyzing the duplica- 
tions. “It was a shocker, even to us.” 

The total genetic difference between 
humans and chimps, in terms of number of 
bases, sums to about 4% of the genome. That 


chemistry? 


Dueling 
databases 


includes 35 million single base substitutions 
plus 5 million insertions or deletions (indels), 
says Waterston. 

Somewhere in that catalog of 40 million 
evolutionary events lie the changes that made 
us human. But where? In another Nature 
paper, a team led by Barbara Trask of UW, 
Seattle, and the Fred Hutchinson Cancer 
Research Center reports that almost half of 
the indels in the regions near the ends of chro- 
mosomes are unique to humans. Many of the 
insertions contain gene duplications, which in 
other organisms have fostered evolutionary 
novelty by allowing one copy of a gene to 
adapt to a new function without disrupting the 
original. “It’ll be very exciting to see how 
many indels actually made a difference in our 
own evolution,” says David 
Haussler of the University of 
California, Santa Cruz. 

To narrow the number of 
genes that might have been 
favored in the primate lineage, 
Waterston’s team searched for 
genes evolving more rapidly 
than the background rate of 
mutation. Among both human 
and chimp lineages, genes 
involved in ion transport, 
synaptic transmission, sound 
perception, and spermatogene- 
sis stood out. The researchers 
also used the chimp data to 
identify 585 genes evolving 
more quickly in people, includ- 
ing genes involved in defense 
against malaria and tuberculo- 
sis. And they uncovered a 
handful of regions of the human genome that 
may have been favored in “selective sweeps” 
relatively recently in human history; one 
region contains the FOXP2 gene, proposed to 
be important in the evolution of speech. 

Overall, however, “the vast majority of 
changes between humans and chimps appear 
to be neutral, and there’s no smoking gun on 
which are the important changes for making 
us human,” says Adams. 

One notable finding was that the fastest 
evolvers among human proteins are transcrip- 
tion factors, which regulate gene expression. 
Thirty years ago, Mary-Claire King and Allan 
Wilson proposed that altered gene regulation 
could solve the paradox of how a few genetic 
changes drove the wide anatomic and behav- 
ioral gulf between humans and chimps. 
“That’s how you could get lots of morpholog- 
ical change without much nucleotide substi- 
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tution. But there’s been no evidence for it until 
now,” says Eichler. Given the chimp data, 
“people will rethink the regulatory hypothe- 
sis,” predicts Huntington Willard of Duke 
University in Durham, North Carolina. 
Another Nature paper addresses a contro- 
versy about whether the human Y chromo- 
some will vanish within some 10 million 
years. Geneticist David Page of the White- 
head Institute in Cambridge, Massachusetts, 
and colleagues report the detailed sequence 
of the “X-degenerate” region of the chimp Y, 
which contains functional genes once paired 


BIOETHICS 


with those on the X but now being slowly 
eroded by deleterious mutations. Page’s team 
then compared human and chimp Ys to see 
whether either lineage has lost functional 
genes since they split. 

The researchers found that the chimp 
had indeed suffered the slings and arrows of 
evolutionary fortune. Of the 16 functional 
genes in this part of the human Y, chimps 
had lost the function of five due to muta- 
tions. In contrast, humans had all 11 func- 
tional genes also seen on the chimp Y. “The 
human Y chromosome hasn’t lost a gene in 


Final NIH Rules Ease Stock Limits 


The National Institutes of Health (NIH) in 
Bethesda, Maryland, has relaxed ethics rules 
issued 6 months ago that many feared would 
drive talent away from the agency. NIH Direc- 
tor Elias Zerhouni last week announced that 
the agency’s final rules would no longer 
require all employees to limit their stock in 
biotech or drug companies. But NIH will 
retain a blanket ban on consulting for industry. 

The revised rules seem to please both 
NIH scientists and outside critics. “Dr. Zer- 
houni has done an admirable job addressing 
a difficult yet critical issue,” said House 
Energy and Commerce Committee chair 
Joe Barton (R-TX), whose committee held 
several hearings on the subject. 

The rules appear to end a controversy that 
has roiled NIH since late 2003, when the Los 
Angeles Times raised questions about several 
senior NIH researchers who had been paid 
large sums to consult for drug or biotech com- 
panies. NIH eventually found at least 44 cases 
in which researchers didn’t receive proper 
ethics approval and nine possible criminal 
violations. To address the problem, Zerhouni 
issued interim ethics rules in February 2005 
that banned all biomedical consulting—even 
for nonprofits—and limited all employees’ 
ownership of drug company stock (Science, 
11 February, p. 824). 

The interim rules outraged many NIH 
employees. Some senior intramural scientists 
cited the rules as a factor in their departure, 
one institute director threatened to leave, and 
a newly hired one delayed his arrival. 

After receiving 1300 mostly critical com- 
ments, NIH “decided to adjust in terms of 
degree,’ Zerhouni told reporters. Stock limits 
will now apply only to about 200 senior staff, 
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including directors and other top managers of 
NIH’s 27 institutes and centers. By next Feb- 
ruary, these employees and their families 
must limit their stock to $15,000 in any one 
company “significantly involved” in biomed- 
icine. Previously, this limit would have 
applied to 12,000 lower-level employees, and 
about 6000 senior staff would have had to 
divest all their drug company stock. Those 
senior staff and clinicians will now have to 
report their holdings for review. 

NIH will no longer ban work done for 
associations, such as serving as an officer ofa 


uf 
hd 


“most restrictive” in the field. 


scientific society. The final rules also allow 
compensation for reviewing scientific grants 
and for giving a single lecture—the interim 
rules exempted only entire courses—and 
make clear that approval is not needed for 
hobbies, such as coaching youth soccer. 

The NIH Assembly of Scientists’ execu- 
tive committee “is very pleased” by the 
changes, says member Cynthia Dunbar of the 


ote. 


Tight reins. NIH Director Elias Zerhouni says final rules are 


A dark 
secret 


6 million years,” says Page. “It seems like 
the demise of the hypothesis of the demise 
of the Y,” says geneticist Andrew Clark of 
Cornell University in Ithaca, New York. 
Although the chimp genome should be a 
boon for biomedical studies, an accompany- 
ing Nature commentary by Varki and col- 
leagues calls for moderation, using principles 
generally similar to those that guide human 
experimentation. The similarity of the two 
genomes underscores the importance of an 
ethical approach to our closest living cousins, 
says Waterston. —ELIZABETH CULOTTA 


National Heart, Lung, and Blood Institute. 
“Morale should improve markedly,” she adds. 
Howard Garrison of the Federation of Ameri- 
can Societies for Experimental Biology 
expressed relief that NIH scientists can main- 
tain ties to professional associations. 

Dunbar says concerns remain that the 
industry consulting ban will harm recruitment 
and retention. Zerhouni says he decided to 
retain the ban after concluding NIH doesn’t 
have “adequate systems” to prevent abuses. 
He added, however, that NIH intends to review 
the rule within a year. Although NIH scientists 
can still work with companies 
through cooperative agreements, 
some outside biomedical leaders 
suggest that’s not enough: “It is 
also important to continue to seek 
ways to foster appropriate interac- 
tions with” industry researchers, 
says Phil Pizzo, dean of the Stan- 
ford University School of Medi- 
cine, who served on a 2004 NIH 
advisory panel that favored allow- 
ing some industry consulting. 

Not everyone thinks the final 
tules solve NIH’s ethics problems. 
“There’s a whole variety of things 
involving laundered money going 
to people whose views are favor- 
able,” such as drug company-sponsored educa- 
tion courses, says Sidney Wolfe, of the Wash- 
ington, D.C.—_based watchdog group Public 
Citizen. But Zerhouni defended the new plan 
as “the most restrictive of any rules we know 
about in the world of biomedical research.” The 
final regulation was to take effect this week 
when it was published in the Federal Register. 

—JOCELYN KAISER 
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The highest purity research products in the world... 
all from a unique company in New England. 


UNCOMPROMISED PURITY 


In today’s world, the molecular biology industry 
demands nothing less than the very best that science 
has to offer. There is no room for compromise. 


At New England Biolabs we understand this fact. 
For over 30 years, we have led the industry in the 
discovery and production of enzymes for molecular 
biology applications. And through our extensive 
efforts in the cloning and overexpression of 
restriction/modification systems, we have set the 
standards for quality and price. 


Benefit from our 
uncommon philosophy 
of doing business where 
impressive production 
efficiencies are passed 
along in the form of 
lower prices and 
improved purity. 


PRODUCTS YOU TRUST. TECHNICAL INFORMATION YOU NEED. [www.neb.com| 


UNSURPASSED EXPERTISE 


Discover the world’s largest collection of recombinant 
as well as native enzymes for DNA technology, all 
backed by unsurpassed scientific expertise. 


And, if you want to learn more about our products, 
technical service or extensive distribution network, 


visit|www.neb.com|or contact us at 
or 1-800-NEB-LABS. 


New England Biolabs, Inc. — celebrating 30 years as a 
world leader in the production and supply of reagents 
for the life science industry. 


NEB has relocated its 
headquarters to Ipswich, MA. 
Our new campus includes a 
siate of the art 140,000 sq. ft 
research and production 
laboratory and a beautifully 
restored Victorian mansion 
housing our administrative 
offices. 
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EUROPEAN POLITICS 


Germany Poised to Elect First 
Scientist-Chancellor 


BeRLIN—German opinion polls predict that the 
country will elect its first chancellor trained in 
the natural sciences later this month. A victory 
for the Christian Democratic Union (CDU) on 
18 September over the ruling Social Democ- 
rats would mean a government led by Angela 
Merkel, who holds a Ph.D. in physical chem- 
istry—a result that could produce significant 
changes for German scientists. 

Merkel has been a politician for longer than 
she worked as a scientist, and her training is 
seldom mentioned in a campaign dominated 
by economic issues. More is being made of two 
other milestones stemming from a CDU vic- 
tory: the country’s first female chancellor and 
the first from the former East Germany. But 
some scientists hope that Merkel’s 
previous career, and the fact that 
her husband is a well-respected 
chemistry professor, might give 
them a sympathetic ear in the chan- 
cellery—and boost science’s pro- 
file. “The first natural scientist as a 
chancellor would be a wonderful 
message for the country,” says biol- 
ogist Hubert Markl of the Univer- 
sity of Constance, former head of 
Germany’s Max Planck Society 
and its DFG funding agency. 

Markl is quick to add that the 
current chancellor, Gerhard 
Schréder, is also “very pro-inno- 
vation,” and party politics is 
likely to play a larger role in shap- 
ing science policy than the next 
chancellor’s Ph.D. For example, 
if Schréder pulls off a come-from-behind 
victory, scientists hoping to work with 
human embryonic stem (ES) cells could get 
a boost. Schréder has said that he would like 
the Bundestag to revisit the laws that ban 
research on embryos and allow scientists to 
import only those ES cell lines derived 
before 1 January 2002. 

The CDU provided much of the support 
for this legislation, and while Merkel has been 
quiet on the subject, several high-ranking 
party members have said that there would be 
no move to relax the law in a CDU-led gov- 
ernment. That stance might be challenged, 
however, by the CDU’s preferred coalition 
partners, the Free Democrats (FDP). Like 
Schréder, the FDP favor relaxed laws that 
would allow derivation of human ES cells and 
human nuclear transfer experiments. 

The potential coalition partners have 
fewer disagreements on two other hot scien- 
tific issues: nuclear power and genetically 
modified crops. Both the CDU and FDP 
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support a relaxing of the current govern- 
ment’s policy of phasing out all nuclear 
power plants by 2020. Some say this policy, 
pushed by the government coalition mem- 
ber Green Party, has made it difficult for 
nuclear physics departments in Germany to 
attract students. 

Both the CDU and FDP say they would 
relax restrictions on genetically modified 
crops. The Greens have supported tough 
curbs on the technology, pushing through a 
law that holds planters legally responsible for 
pollen that escapes and contaminates a neigh- 
boring field (Science, 25 June 2004, p. 1887). 
Scientists say that the measure effectively 
rules out all field research with genetically 


quantum chemistry, is likely to be Germany’s next chancellor. 


modified plants. Several politicians expect a 
more permissive law to be high on the agenda 
of a CDU-FDP coalition. 

All parties agree on the need to boost sci- 
ence funding, a step the Bundestag took this 
summer by passing a 5-year, $2.8 billion 
science spending package (Science, 1 July, 
p. 33). The CDU says that it wants to go 
even further, adding $1.25 billion over 
4 years so the DFG can fund overhead costs. 

What voters are most concerned about, 
however, is whether Merkel can tackle the 
country’s economic woes. At least some 
observers say her scientific training might be 
an advantage. Last month, the influential 
Stieddeutsche Zeitung wrote that Merkel had 
demonstrated both meticulousness and tenac- 
ity in her 1986 dissertation on the calculation 
of rate constants in hydrocarbon decomposi- 
tion reactions. Such qualities, the paper said, 
could be usefully applied to the equally com- 
plex problems facing Germany. 

—GRETCHEN VOGEL 
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Scientist Quits Climate Panel 


A climate researcher resigned in protest 
last week from a federal panel about 

to release its report on recent tempera- 
ture trends. 

Roger Pielke Sr., of Colorado State 
University, Fort Collins, had been a 
member of the 22-person panel cur- 
rently assessing conflicting temperature 
trends from Earth's surface, balloons, 
and satellites for the federal Climate 
Change Science Program. Pielke says he 
threw in the towel because the commit- 
tee failed to be “inclusive” and improp- 
erly eliminated consideration of 
regional temperature trends. The report, 
which is expected out within a few 
weeks, “is much too narrow,” he says. 
Factors such as land-use changes, in 
addition to greenhouse gases, are driv- 
ing recent warming, Pielke has advo- 
cated. Leaders of the panel would not 
comment, but fellow panel member 
Chris Forest of the Massachusetts Insti- 
tute of Technology says that the 
report’s 70-page limit ended up exclud- 
ing the diversity of viewpoints that 
Pielke wanted to see. 

AUS. hurricane expert in January said 
that politicization of the scientific 
process was behind his decision to resign 
from an international climate change 
panel (Science, 28 January, p. 501). But 
Pielke says his difference of opinion was 
not related to politics. -RICHARD A. KERR 


NIH Overhaul Still Fermenting 


A new version of a draft bill to streamline 
the management of the National Insti- 
tutes of Health (NIH) leaves many issues 
unresolved, say advocacy groups. 

The House Energy and Commerce 
Committee wants to give the NIH direc- 
tor more authority as part of a reautho- 
rization of NIH’s programs, with a bill to 
be introduced as soon as next month. 
But a July draft drew concerns that it 
would undermine the autonomy of NIH’s 
27 institutes and centers (Science, 

22 July, p. 545). A new draft released last 
week creates a “common fund” for trans- 
NIH initiatives but lets institutes award 
the grants. But, controversially, the plan 
still groups NIH entities into two fund- 
ing clusters and doesn’t specify how 
individual budgets would be set. And 
lawmakers have not explained how 
much of institutes’ budgets would go to 
the “common fund”—5% is often dis- 
cussed. “There are still a lot of ques- 
tions,” says Dave Moore of the Associa- 
tion of American Medical Colleges. 
—JOCELYN KAISER 
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SPACE-BASED ASTRONOMY 


Scientists Scramble to Curb Webb Overruns 


NASA plans to reduce the sensitivity of the 
successor to the Hubble Space Telescope to 
beat back rising costs that threaten to over- 
whelm the project. But despite a wealth of sug- 
gestions from scientists on how to cut costs, the 
agency likely will still face a shortfall of more 
than $500 million of the $3.5 billion needed to 
build, launch, and operate the James Webb 
Space Telescope (JWST). 

The trouble surfaced this spring, 
when agency officials found a 
$1 billion overrun in the project that 
they blamed on a host of technical 
issues (Science, 13 May, p. 935). A panel 
convened to examine the crisis last week rec- 
ommended several ways to minimize the 
shortfall and avoid future cost 
increases. As a result of 
the cost-cutting meas- 
ures, NASA science 
chief Mary Cleave has 
tentatively given the 
project a green light 
pending a final deci- 
sion by NASA admin- 
istrator Mike Griffin, telescope 
officials say. NASA is also project- 
ing a 2-year slip in the launch, to 2013. 

The higher price tag could not come at a 
worse time for a science program choking on 
the costs of another space shuttle mission to 
Hubble, overruns in other science efforts, and 
the seemingly endless woes of the space shut- 
tle program. Still, a 2001 report by the 
National Academy of Sciences labeled JWST 
the top priority for astronomy and astro- 
physics in the coming decade. NASA offi- 
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cials also remember well the uproar following 
the attempt by former NASA chief Sean 
O’Keefe to cancel a Hubble shuttle servicing 
mission—a decision Griffin reversed. 
JWST scientists remain adamant that dra- 
matic cuts to the size of 
the mirror or the major 
instruments are not 
an acceptable 
option. But the 
science panel, 


Less polished? Making the 
segmented mirror less sensitive 

could reduce the costs of the James 
Webb Space Telescope. 


led by astronomer Peter Stockman and 
JWST scientist Mattias Mountain, both of 
Baltimore, Maryland’s Space Telescope 
Science Institute (Mountain was recently 
named its director), did find significant 
savings in other areas. 

The mirror is designed to capture wave- 
lengths from 0.6 to 28 microns. But thanks 
to advances in adaptive optics that can 
screen out perturbations in the Earth’s 


atmosphere, the team agreed that the lower 
limit could be raised to 1.7 microns. That 
change would require one less cycle of pol- 
ishing, at a savings of $150 million. 
Although the telescope would be less capa- 
ble of observing at shorter wavelengths, 
future ground-based telescopes could 
compensate, says Eric Smith, JWST pro- 
gram scientist at NASA. That change dis- 
turbs some scientists, like Robert O’Dell 
of Vanderbilt University in Nashville, Ten- 
nessee. He says that degrading JWST’s 
performance will make studies of nebulae 
and star formation now possible with Hub- 
ble more difficult. 

Relaxing stringent requirements designed 
to limit dust on the mirror could save a similar 
amount in test-related hardware, says Stock- 
man. And the telescope likely would require 
one less testing cycle, knocking off another 
$100 million. 

Although the major instruments would 
not dramatically change, the team did rec- 
ommend saving weight, mass, and support 
costs by dropping one portion of the Cana- 
dian fine guidance sensor designed to image 
at shorter wavelengths. A small French- 
made coronagraph could also be abandoned 
if necessary, the team said. NASA has yet to 
discuss those options with Canadian or 
French officials. 

The savings could total $430 million, 
Stockman estimates, and significantly 
reduce future risk, which also saves money. 
“T don’t think we’re going to find $1 billion,” 
adds Smith. “But hundreds of millions ... is 
most welcome.” —ANDREW LAWLER 


Base Commission Alters Pentagon's Wishes on Labs 


A federal panel tasked with restructuring 
U.S. military facilities delivered a mixed 
bag to researchers last week. 

The Armed Forces Institute of Pathology 
(AFIP) in Washington, D.C., got a reprieve 
from a recommendation to shut down most of 
its functions (Science, 20 May, p. 1101), and 
the Army’s Night Vision Lab in Fort Belvoir, 
Virginia, fought off a move to Aberdeen 
Proving Ground in northeastern Maryland. 
But the Army signal processing research and 
electronics laboratories at Fort Monmouth, 
New Jersey, are headed to that site. 

The Base Realignment and Closure 
(BRAC) process, last completed in 1995, drew 
up a list of hundreds of closures and restructur- 
ings in the military’s vast network of bases, 
labs, and offices. The commission voted last 
week, and its recommendations, which include 


major closings in Texas and Georgia, now go to 
the White House and then to Congress. 

The Defense Department recommended in 
May that the president “de-establish” the AFIP 
except for its museum and tissue repository. 
The College of American Pathologists and 
other groups lobbied the BRAC commission 
to save the $100 million a year, 820-staff 
pathology institute, arguing that the research 
staff was essential for roles such as helping 
prepare for bioterror attacks. The panel’s deci- 
sion that its functions “be absorbed” into other 
federal or civilian facilities is a “glimmer of 
good news, but the devil is in the details,” says 
former lab pathologist William Travis, who 
left AFIP this year for Memorial Sloan-Ketter- 
ing Cancer Center in New York City. 

One question is whether AFIP will stay 
intact and move to a new building, he says. 


At least one piece is already splitting 
off: The chair of veterinary pathology 
announced last week that his department 
expects to move to an annex in Silver 
Spring, Maryland. A conference this week 
was to explore the future of its renowned 3 
million-case tissue repository in light of the 
proposed breakup. 

Lobbying against the move to Maryland, 
former Fort Monmouth research director 
Robert Giordano cited a poll that showed 
that only 20% of the 5000 technical civilian 
staff would follow the lab. The resulting 
“brain drain,” he warned, would decimate 
crucial military research positions. Similar 
arguments were made against the move of 
the night vision lab, which conducts work in 
lasers, radar, and infrared light. 

—JOCELYN KAISER AND ELI KINTISCH 
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SCIENTIFIC DATABASES 


NIH, Chemical Society Look for 


Common Ground 


U.S. government officials and a scientific 
society are batting ideas back and forth on 
how to keep a new federal chemical data- 
base from overlapping with an existing pri- 
vate one. So far, they are still searching for 
common ground. 

A dispute between the National Insti- 
tutes of Health (NIH) and the American 
Chemical Society (ACS) broke out after 
NIH’s National Center for Biotechnology 
Information (NCBI) last fall launched Pub- 
Chem, a database of small molecules with 
potential use as biological probes or as 
drugs, including data from a new screening 
initiative. ACS complained to NIH and Con- 
gress that PubChem’s listing of chemical 
structures, though modest in size so far, 
duplicated its Chemical Abstracts Service 
(CAS) Registry, a massive, subscription- 
only chemical database that is a critical 
source of income for the society. Earlier this 


DEPARTMENT OF HEALTH & HUMAN SERVICES 


wow.nih gov 


AUG 2 2 2005 


Dr, Witla F. Carrot, Jr 
President 
Chensieal Society 


Deas Dr. Carroll: 


Pubic Meatih Server 


Nanna! inatiosiwe of Heatin 
Betrwrats, Macytand 20852 


NCBI staff—not a chemistry organiza- 
tion—“are in an ideal and unique position” 
to do. NIH is also concerned about which 
molecules ACS would include, arguing 
that the database cannot be limited to com- 
pounds with biological data because such 
bioactivity may remain to be discovered. In 
addition, Zerhouni explains, the plan 
would violate federal rules requiring that 
any such agreement be open to bidding from 
other companies. 

Zerhouni offered a six-part “alternat- 
ive structure” that would avoid over- 
lap between PubChem and CAS but 
strengthen the ties between the two data- 
bases. Among those changes, NIH would 
pay ACS to make sure PubChem entries 
contain the same numbers that CAS uses 
to register each molecule to “maximize the 
interactiveness” of the two databases. NIH 
would agree not to include nonbiomedical 
information that CAS now 
offers, such as chemical reac- 
tions and patents. NIH also 
wants to set up a working group, 
with chemical database compa- 
nies as members, that would 
offer NCBI advice on how to 
run PubChem. 

The letter says NIH is open 
to developing a “retrospective 
process” for removing chemi- 
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Paper trail. NIH’s Elias Zerhouni countered the American 
Chemical Society’s offer to build NIH a chemical database. 


year, after discussing whether NIH should 
scale back the scope of PubChem, the House 
and later the Senate instead asked NIH to 
“work with private sector providers to avoid 
unnecessary duplication and competition” 
(Science, 17 June, p. 1729). 

In early August, ACS president William 
Carroll made NIH an offer: The society 
would donate $10 million and up to 15 staff 
members over 5 years to build NIH a free 
database of chemicals with attached bioassay 
data. NIH expressed many concerns about 
the proposal, however, in a four-page letter to 
Carroll from NIH Director Elias Zerhouni. 

In the 22 August letter, Zerhouni notes 
that NIH wants to integrate PubChem with 
other public biomedical databases, which 
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deemed of no use for biomed- 
ical research. NIH officials 
have noted in the past that it 
would be very hard to rule out 
any chemicals. For example, 
ACS initially claimed that an 
explosive called HDX should not 
be included in PubChem, but an 
NCBI official pointed out that the 
National Cancer Institute has found that HDX 
has activity in antitumor assays. 

Both sides say they are committed to 
finding a compromise. In a 23 August letter 
to ACS members, Carroll says the society is 
“studying” this proposal but maintains that 
NIH should “[take] advantage of the CAS 
Registry.” ACS spokesperson Nancy 
Blount said that a national ACS meeting in 
Washington, D.C., earlier this week pre- 
vented society officials from speaking with 
Science, but that ACS will “continue to 
have the best interest of science in mind.” 
Likewise, NIH spokesperson John Burklow 
says that “we are hopeful our proposals will 
resolve the issues.” 

—JOCELYN KAISER 
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ScienceScope 


WHO Tamiflu Stockpile Grows 


Paris—The World Health Organization 
(WHO) last week said it had received a 
donation of 3 million 5-day treatment 
courses of the anti-influenza drug 
oseltamivir, better known as Tamiflu, from 
Swiss drugmaker Roche. The drugs could 
help avert, or at least slow, a flu pan- 
demic, the agency says. 

Two recently published models show 
that a combination of quarantine meas- 
ures and the widespread administering of 
oseltamivir could halt a nascent pandemic. 
But that would require a stockpile of sev- 
eral million treatments (Science, 5 August, 
p. 870). Despite Roche's gift, countries still 
need to stock up themselves, WHO warns. 

—MarrIN ENSERINK 


Japan Expects Budget Squeeze 


The Japanese cabinet has indicated that it 
will not spare science in its efforts to 
shrink total governmental spending by 
3% next year, and polls indicate the 
incumbent coalition is likely to survive 
the 11 September elections. But Japan’s 
Ministry of Education has optimistically 
requested a 9.5% increase in science- 
related spending, to $8.3 billion, for the 
fiscal year beginning next April. Plans 
include a new supercomputer and work 
on an x-ray laser for protein crystallogra- 
phy and other uses. “It’s impossible to 
know at this point” the science budget’s 
fate, says Takafumi Goda, the Ministry of 
Education's budget director. 

—DENNIS NorMILLE 


Climate (Policy) Shifts 


Environmentalists cleared a legal hurdle 
last week in a court battle over climate 
change impacts. Advocacy groups and 
several western federal cities had sued in 
2002 to force the Export-Import Bank and 
the Overseas Private Investment Corpora- 
tion, which fund power projects, to con- 
duct environmental assessments on cli- 
mate change. Last year, the U.S. govern- 
ment asked the federal court in the north- 
ern district of California to throw out the 
lawsuit, but Judge Jeffrey White has ruled 
that the “reasonably probably” climate 
impacts were sufficient to allow the case 
to proceed. 

Meanwhile, The New York Times 
reported progress by a nine-state consor- 
tium—including New York and Massachu- 
setts—on a regional greenhouse cap and 
trade system that would freeze emissions 
and reduce them by 10 percent by 2020. 
The regional system is expected to be 
finalized this month. 

—Eut KINTISCH 
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Microbiologist Resigns After Pitch for Antianthrax Product 


A scientist’s enthusiastic endorsement ofa skin 
lotion against anthrax has ended his career at 
the University of Texas Medical Branch 
(UTMB) at Galveston. On 17 August, John 
Heggers, a microbiologist and plastic surgeon 
specializing in burn treatment, resigned after 
the university’s Scientific Integrity 
Committee (SIC) concluded he 
engaged in “egregious” miscon- 
duct by making “false and exces- 
sive statements” about the pur- 
ported antianthrax lotion, a blend of 
citrus oils, plant herbs, and seed bit- 
ters that sells at $179 for half liter. 
On | February 2005, the report 
says, Heggers wrote a letter on 
UTMB letterhead to Bio-Germ, the 
Dallas company that produces the 
lotion, in which he said his research 
had demonstrated the product’s effi- 
cacy and safety; “we believe it will 
be successful against Smallpox, the 
Plague, and other pathogens possi- 
bly used by terrorists” as well, he 
wrote, adding that the lotion 
“should be rolled out to our Nation’s 
First Responders, Military and, as 
soon as possible, to the citizenry of our Coun- 
try.’ Bio-Germ posted the letter on its Web site, 
according to the 29 June university investiga- 
tion, along with a videotaped interview in 
which Heggers made similar statements. 
Heggers, 72, has been at UTMB for 
17 years and had a co-appointment at the 
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Shriners Burns Hospital; he was not involved 
in UTMB’s sizable federally funded biode- 
fense program. He did carry out one anthrax 
study, but the committee says it did not support 
his claims. In a 2004 paper in the online Jour- 
nal of Burns and Wounds, Heggers described 


All you need. Bio-Germ says its $249 Protection Kit, which 
includes antianthrax lotion (also sold separately), provides 
“an effective shield against infection from anthrax.” 


tests of several topical antibacterials, 
“nutriceuticals,” and herbal products against 
strains of Bacillus anthracis, which causes 
anthrax. The paper claims that the Bio-Germ 
lotion and many other products killed the 
microbes, but the result is irrelevant, the panel 
says, because the tests used vegetative B. 


anthracis growing in a petri dish, not the spore 
form used in weaponized anthrax. Heggers has 
no data on plague and smallpox, according to 
the panel, which calls his recommendation for 
mass deployment of the lotion “utterly irre- 
sponsible scientifically.” The SIC says Bio- 
Germ paid Heggers’s expenses to attend sev- 
eral meetings about homeland security but no 
honoraria. Two of Heggers’s co-authors, 
Johnny Peterson and Ashok Chopra, say they 
did not see the manuscript of the paper in the 
Journal of Burns and Wounds before it was 
posted and found its conclusions “misleading.” 
The paper was removed from the journal’s Web 
site in early June, they say. 

Heggers could not be reached for comment. 
But ina 15 July letter to UTMB President John 
Stobo, Heggers claimed that the university had 
been “intimidated” by the Dallas Morning 
News, which first reported the story, and that 
the panel was not qualified to judge him. In his 
17 August resignation letter to Stobo (copies of 
both letters were made available to Science), 
Heggers acknowledged “several misstate- 
ments.” In an e-mail to a News reporter he 
attached to the resignation letter, Heggers said, 
“on reflection, I think my hope and enthusiasm 
outran my scientific caution.” 

At UTMB’s request, Heggers’s testi- 
monials have been removed from Bio- 
Germ’s Web site. “It’s an embarrassment,” 
says David Walker, executive director of 
UTMB’s Center of Biodefense and Emerg- 
ing Infectious Diseases. _—MARTIN ENSERINK 


Homeland Security Ponders Future of Its Animal Disease Fortress 


The Alcatraz of animal diseases may come 
ashore. Last week, the U.S. Department of 
Homeland Security (DHS) announced that 
the Plum Island Animal Disease Center 
(PIADC)—which studies the most devastat- 
ing agricultural diseases on a tiny speck in the 
Atlantic off Long Island, New York—will be 
replaced by a new facility that may be located 
elsewhere. The state’s politicians, who oppose 
expanding the lab’s remit but don’t want it to 
close, immediately blasted the proposal. But 
some scientists say they would welcome leav- 
ing the remote, impractical location. 

DHS took over responsibility for Plum 
Island from the U.S. Department of Agricul- 
ture in 2002. In a fact sheet issued last week, 
the department said the 50-year-old lab is 
“nearing the end of its lifecycle” and will be 
replaced by a new National Bio and Agro- 
defense Facility (NBAF) with a stronger focus 
on bioterrorism. DHS is launching a study to 
determine the facility’s mission, its preferred 
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location, and whether it needs a biosafety level 
4 (BSL-4) lab, the highest level of biological 
containment. The study should be completed 
by 2006, and the facility could open in 2011. 

Few contest that the dilapidated complex at 
Plum Island needs an extreme makeover. But 
adding a BSL-4 facility, or moving it, is con- 
troversial. Because most of the diseases stud- 
ied there—such as foot-and-mouth disease 
and classical swine fever—don’t infect 
humans, the lab operates at BSL-3 plus, which 
resembles BSL-4 except that researchers don’t 
wear space suits. Scientists have long argued 
that the U.S. needs a BSL-4 facility for agri- 
cultural diseases to allow the study of agents, 
such as the Nipah and Hendra viruses, that 
sicken farm animals as well as humans. 

But Long Island residents and local politi- 
cians fear an escape of the deadly viruses and 
have resisted those plans (Science, 26 May 
2000, p. 1320). In 2003, former DHS secretary 
Tom Ridge assured Sen. Hillary Clinton 


(D-NY) and Rep. Timothy Bishop (D-NY) 
that no BSL-4 would be built on Plum Island— 
a promise DHS says it will honor. Clinton and 
Bishop want the facilities upgraded, they wrote 
“in distress” to DHS secretary Michael 
Chertoff last week, not moved off the island. 
A DHS spokesman says that all options are 
still on the table—including building a new lab 
without a BSL-4 on Plum Island. But Harley 
Moon, an emeritus professor at Iowa State 
University in Ames who directed Plum Island 
in the mid-1990s, says moving the lab ashore 
would be the best option for several reasons. 
Operating the lab on an island is expensive, he 
says, the researchers are “intellectually iso- 
lated,” and Long Island’s high cost of living 
hinders recruitments. Moon suggests moving 
it to an agricultural research center, such as 
those in Georgia, Colorado, or Iowa, where 
“the community and the policy makers under- 
stand the importance of the lab’s mission.” 
—MARTIN ENSERINK 
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The increasing ability to analyze fetal DNA from 
maternal blood should lead to better prenatal 
diagnoses of genetic disease—and confront future 


parents with tough information and choices 


An Earlier Look 
At Baby's Genes 


The smiling, dark-haired woman chatting 
with Katie Couric on NBC’s popular Today 
show explains why she wants to know the 
sex of her third baby just 7 weeks into her 
pregnancy. Holly Osburn of Glaston- 
bury, Connecticut, the mother of 

two daughters, says her house is full 

of pink, purple, and green, and 

“we’re anxious to find out if we’re 

going to ... maybe have to paint the 
nursery blue.” 

So Osburn has sent dried spots of 
her blood to a Massachusetts com- 
pany offering Baby Gender Mentor, a 
new $275 test that promises to detect a 
fetus’s sex from maternal blood as early as 
5 weeks after conception. After Couric con- 
ducts a discussion with a physician about the 
pros and cons of the test, a spokesperson for a 
company selling it online delivers the big 
news live to millions of viewers: It’s a girl! 
Osburn’s smile wavers. “Another one,” she 
says. Then she regains her composure, assur- 
ing the TV audience that “a third is great.” 

While watching this in June, “my jaw 
dropped,” says Diana Bianchi, a prenatal 
geneticist at Tufts University School of Med- 
icine in Boston and one of a small number of 
researchers who have spent more than a 
decade trying to detect sex and genetic dis- 
orders from fetal cells and DNA in a mother’s 
blood. She notes that “at home” fetal DNA 
tests such as Baby Gender Mentor aren’t yet 
considered scientifically and ethically vetted. 
“I’m concerned about whether this is ready 
for prime time,” says Bianchi. 

Ready or not, noninvasive fetal diagno- 
sis is here. Tests based on fetal DNA circu- 
lating in a woman’s blood are expected to 
replace invasive prenatal tests, such as 
amniocentesis, that are typically done later 
in pregnancy and pose a small risk of mis- 
carriage. Researchers have already used 
fetal DNA from maternal blood to success- 
fully test for genes inherited from a father 
that cause diseases such as cystic fibrosis 


and the blood disorder thalassemia. They 
are now refining their techniques and 
moving on to bigger challenges, such as 
identifying Down syndrome. If this work 
pans out, fetal genetic test- 
ing could be as cheap and 
routine as many other diag- 
nostic tests, such as ones for 
HIV, says molecular bio- 
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Broadcast news. Through a new test (inset), 
expectant mother Holly Osburn, along with 
Katie Couric and Today viewers, learned the 
apparent gender of her 7-week-old fetus. 


logist Sinuhe Hahn of the University 
Women’s Hospital in Basel, Switzerland. 

Earlier and easier fetal DNA testing will 
certainly raise ethical questions. For example, 
some researchers worry that gender tests will 
lead to abortions by parents who desire a baby 
of a specific gender. The ethically explosive 
applications extend beyond sex selection. If 
fetal DNA testing can one day routinely reveal 
whether an early fetus has genes that predis- 
pose it to cancer or other diseases, parents-to- 
be could be facing much more difficult deci- 
sions than what color to paint the nursery. 

For now, researchers are grappling with 
how to get a clear, consistent signal from a 
relatively few molecules of fetal DNA 
sequence floating in a sea of maternal DNA. 


When a diagnosis could lead parents to end 
a pregnancy, they note, accuracy is crucial. 
“It’s very important that we get it right,” 
says medical geneticist Maj Hulten of the 
University of Warwick, U.K. 


One in a million 

Researchers have known for more than 
3 decades that a few fetal cells of various 
types are present in a pregnant woman’s 
blood. While there may only be about two to 
six fetal cells per milliliter of blood during 
pregnancy, some of these cells can linger for 
several decades after birth and may even 
contribute to postnatal tissue repair or dis- 
ease in the mother (Science, 21 June 2002, 
p. 2169). The first proof that such cells 
could be used to diagnose a fetal condition 
came in 1991 from Joe Leigh Simpson’s lab 
at Baylor College of Medicine in Houston, 
Texas. Using an antibody called CD71 that 
tends to bind to red blood cells of fetal ori- 
gin, his team separated these cells from 
most maternal blood cells. They then used 
fluorescence in situ hybridization (FISH), 
in which colored probes bind to chromo- 
somes, to detect Down syndrome, which is 
caused by an extra chromosome 21, and 
another chromosomal disorder. 

Other labs soon reported similar results, 
exciting researchers who saw the technique 
as a promising alternative to amniocentesis 
and chorionic villus sampling (CVS). These 
diagnostic tests, which collect fetal cells by 
inserting a needle into the womb either late in 
the first trimester or during the second 
trimester, carry up to a 1% risk of miscar- 
riage. In 1994, the National Institute for 
Child Health and Development (NICHD) 
launched a validation study in which five 
labs used fetal cells from maternal blood to 
look for Down syndrome in 2744 pregnan- 
cies. The results, published in 2002, were just 
modestly encouraging: The researchers 
found only enough fetal cells to detect 
74% of Down syndrome cases. In contrast, 
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CVS and amniocentesis are 99% accurate. 

The authors of the NICHD study con- 
cluded that the current techniques—which 
involve physically separating the fetal and 
maternal cells—would have to improve 
before blood-borne fetal cells could provide 
reliable diagnoses. The key will be an anti- 
body or other compound that can more effi- 
ciently separate out the fetal cells, which 
make up only about one out of every million 
cells in a mother’s blood, says Simpson. 
“Once that occurs, the field will turn around 
overnight,” he says. 

A few teams, including Simpson’s at 
Baylor, and at least two companies are also 
pursuing an alternative approach, attempting 
to isolate fetal cells, called trophoblasts, from 
cervical swabs of pregnant women. The tro- 
phoblasts make up about 1 in 100,000 cells in 
a swab, and so should be easier to distinguish 
from maternal cells than fetal blood cells, 
says Farideh Bischoff of Simpson’s group. Yet 
to be proved is whether researchers can 
extract enough cells without sampling so high 
in a woman’s cervix that the technique 
becomes invasive, Bianchi notes. 


Free and easy 

Noninvasive fetal testing took off in a new 
direction several years ago after Dennis Lo, 
now at the Chinese University of Hong Kong, 
and co-workers discovered that maternal 
blood contains more than fetal cells. There’s 
also fetal DNA floating freely, outside of 
cells, he found. Lo was inspired to look by 
two 1996 Nature Medicine articles on detect- 
ing tumor DNA in the blood of cancer 
patients. He reasoned that like a tumor, the 
fetus-derived placenta is a fast-growing tissue 
that might shed DNA. 

The hunch paid off: Using a form 
of polymerase chain reaction 
(PCR) to detect a gene called 
SRY on the Y chromosome 
of male fetuses, Lo’s 
group reported in 1998 
that fetal DNA is 
much more plentiful 
in a future mom’s 
bloodstream than are 
fetal cells. Levels 
rise during preg- 
nancy to as much as 
3% to 6% of the cell- 
free DNA in a mother’s 
plasma, then plummet in 
2 hours after a baby is born. 
The fetal DNA seems to come 
mainly from the placenta, Bianchi and oth- 
ers have shown. 

Lo’s group soon showed that this fetal 
DNA could be used to diagnose potentially 
lethal conflicts in Rh factor, a protein on the 
surface of red blood cells. If an Rh-negative 
woman carries an Rh-positive fetus, her 
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immune system can create antibodies against 
the baby’s blood cells, causing anemia for the 
fetus. This sensitization can be prevented by 
injecting the pregnant mother at certain 
points in pregnancy with Rh immunoglobu- 
lin, a step often taken as a precaution without 
knowing the fetus’s Rh status. But many 
research groups have now shown they can 
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DNA recovered. Only some labs have been 
able to replicate these experiments. 

Two advances in the past year have clearly 
boosted the potential reliability of fetal DNA 
tests, however. Both involved studies looking 
for mutations that trigger beta-thalassemia, 
which leads to severe anemia and is most 
common in people of Asian and Mediter- 
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Detective squad. Dennis Lo (center) and his group at Chinese University of Hong Kong have 
pioneered noninvasive prenatal testing using cell-free fetal DNA. 


reliably test the blood of Rh-negative preg- 
nant women for fetal DNA that reveals the 
functional form of the Rh gene. Such a test 
has been offered since 2001 by a few research 
labs in Europe. 
Several groups have since reported 
they can detect other disease muta- 
tions passed on from the father, 
such as ones causing cystic 
fibrosis, beta-thalassemia, 
a type of dwarfism, and 
Huntington’s disease. 
The results haven’t 
always been repro- 
ducible, partly be- 
cause smaller muta- 
tions are difficult to 
pick up from a mix- 


Oh, boy. Red marks the 
Y chromosome in a male 
fetal cell amid maternal 
blood cells. 


ture of fetal and maternal DNA. Other 
promising findings are still being debated. Lo’s 
group reported in 2000 that intact fetal DNA in 
fragments of dying cells could be analyzed for 
Down syndrome, and last year a biotech com- 
pany claimed that treating maternal blood with 
formaldehyde could boost the amount of fetal 


ranean descent. Last summer, a report in the 
Proceedings of the National Academy of 
Sciences by Lo’s team and the San Diego— 
based firm Sequenom Inc. said that inherited 
beta-thalassemia point mutations could be 
diagnosed in 12 fetuses much more reliably if 
mass spectrometry and PCR, rather than PCR 
alone, were used to analyze the fetal DNA. 

Earlier this year in the Journal of the Amer- 
ican Medical Association, Hahn’s team in 
Basel reported another approach for detecting 
beta-thalassemia mutations comprising a sin- 
gle nucleotide change. The group took advan- 
tage of a finding by Lo’s group that the frag- 
ments of fetal DNA found in the mother’s 
blood are typically less than 300 basepairs in 
size, compared with more than 500 basepairs 
for cell-free maternal DNA. By using elec- 
trophoresis to increase the ratio of the shorter 
segments in blood samples, the Swiss team 
successfully detected the presence or absence 
of four common beta-thalassemia point muta- 
tions in 28 of 31 fetuses. While the mass 
spectrometer needed for the Sequenom- 
Lo method costs $300,000, the Swiss team 
notes that its approach could cost as little as $8 
per sample, within the economic reach of 
developing countries. 

Several teams are now racing to try these 
techniques—or combine them—to reliably 
detect cystic fibrosis and other genetic dis- 
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eases, says Hahn. “They will open up a lot of 
new applications,” Lo agrees. 

One major caveat is that the studies so far 
have only been able to detect mutations 
passed on by the father. Because there’s not 
yet a way to completely separate fetal DNA 
from the maternal DNA in a woman’s blood, 
it’s not possible to tell ifa mutation possessed 
by the mother has been inherited by the fetus 
or if researchers are just seeing the mother’s 
DNA. One possible solution may be an epi- 
genetic marker, such as methylated groups 
attached to a gene, that distinguishes fetal 
DNA from a mother’s. Lo’s group showed in 
2002 that they could make such a 
distinction. Another potential 
strategy is to use messenger 
RNA molecules produced 
only by the fetus and not the 
mother. Several groups have 
recently shown, for example, 
that RNA produced by placental 
genes can be detected in mater- 
nal blood. 


Seeing double 

Diagnosing Down syndrome 
noninvasively through fetal DNA is 
the big prize luring researchers. The poten- 
tial demand for such a test is huge, says 
Boston University’s Charles Cantor, chief 
scientific officer of Sequenom Inc., 
because the rate of Down syndrome is at 
least 1 in 270 for mothers over 35. Doctors 
can screen for the disorder in the first 
trimester by using ultrasound to measure 
the dimensions of the fetus’s neck and 
checking the levels of several protein mark- 
ers in maternal blood; this combination 
picks up 85% of cases, albeit with a false 
positive rate of 2% to 6%. The International 
Down Syndrome Screening group last year 
called for this noninvasive strategy to be 
offered to all women, but a firm diagnosis 
still requires subsequent amniocentesis or 
CVS. The $1000 or more cost of these two 
tests limits routine use to women over 35, 
which means most Down syndrome births 
now occur in younger women. 

Yet while Down syndrome is easy to 
detect if fetal cells are in hand, it’s harder 
using cell-free DNA. The reason is that this 
condition is caused by an extra chromosome, 
rather than a mutation that can be detected 
with PCR. So far, for Down syndrome, fetal 
DNA can be used to only slightly improve 
screening: Overall fetal DNA levels are 
higher in women carrying fetuses with Down 
syndrome and some other aneuploidies. 
Adding a fetal DNA quantity test to other 
serum markers for Down syndrome would 
boost the detection rate from 81% to 
85%, Bianchi’s group has shown. 

Still, the real prize is a straightforward, 
noninvasive fetal DNA diagnostic for Down 
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Baby signs. Cell-free fetal DNA levels rise during 
pregnancy, as shown in three future moms. 


syndrome that’s as accurate as amniocente- 
sis and CVS. One possible solution is to dis- 
cover an epigenetic marker for Down syn- 
drome that would allow Down-specific 
DNA sequences to be amplified with PCR. 
Another is to look for fetal mRNA from a 
gene expressed by chromosome 21 but not 
by the mother’s cells. Cantor estimates that 
two dozen groups are working on the prob- 
lem and predicts it will be solved in 3 years. 


Ethical minefield 
Indeed, while research on noninvasive fetal 
testing is very competitive—Lo and other 
investigators have certainly applied for 
many patents—cooperation is common. 
Cross-lab studies like the one sponsored by 
NICHD have nurtured the field, and they are 
continuing thanks to a new 5-year, €12 mil- 
lion European Union project called Special 
Advances in Fetal Evaluation (SAFE) that 
involves 52 institutional partners. “I think 
this is a positive example of a new technol- 
ogy being rigorously investigated before it 
filters into practice,” says gynecologist 
Wolfgang Holzgreve of the Basel group. 
The need for caution makes some scien- 
tists uncomfortable with Baby Gender 
Mentor. The company offering the test, 
Acu-Gen Biolabs in Lowell, Massachusetts, 
claims it works at 5 weeks of gestation at 
99.9% accuracy. But Bianchi questions that 
figure, noting that a cross-lab study of gen- 
der detection published last year found that 


sensitivity varied widely among labs. A 
company spokesperson says the 99.9% fig- 
ure is based on 20,000 births but notes that 
the company won’t publish results until it 
has patented its technology. 

There’s little chance for outside experts 
to scrutinize that accuracy claim. Food and 
Drug Administration approval is not needed 
as long as the blood sample goes to a lab and 
the test is sold as a service rather than as a 
kit. Like other genetic tests, “[this] is open- 
ing up gaps in the oversight system,” says 
Kathy Hudson, director of the Genetics and 
Public Policy Center at Johns Hopkins Uni- 
versity in Baltimore, Maryland. It’s not just 
the U.S. that does not regulate such testing. 
A Canadian company called Paragon 
Genetics has been offering a fetal DNA 
gender test for more than 2 years. The firm’s 
quiet marketing of it hasn’t drawn as much 
criticism as Baby Gender Mentor, in part 
because it follows the practice of many fetal 
DNA researchers by using fresh maternal 
blood, instead of dried blood spots. It also 
suggests that samples be taken 10 weeks 
into pregnancy. 

As for concerns that some couples 
could use fetal DNA gender tests to end a 
pregnancy, Paragon Genetics lab director 
Yuri Melekhovets argues that parents can 
already do that based on ultrasound tests 
early in the second trimester. Still, Lo’s 
group has gone so far as to stipulate in 
licensing agreements with companies that 
its technology can’t be used for sex selec- 
tion. The SAFE project, meanwhile, is 
funding a study of the implications of 
using early fetal DNA testing, especially if 
costs fall enough to make it feasible for 
couples in countries such as India and 
China where female children may be 
viewed as less desirable. “Especially in 
‘one child’ countries, there is a risk that 
this [test] can be abused,” says Hulten, the 
SAFE project’s coordinator. 

Another troubling ethical issue for some 
is how abortion rates could be affected by 
the advent of widespread, accurate fetal 
DNA testing for many genetic diseases. 
Although abortions may increase, Bianchi 
points out that mothers who keep a child 
with a disease could also benefit from the 
prenatal diagnosis. A survey by her group 
found that mothers who went to term after 
learning that they were carrying a fetus 
with Down syndrome were better able to 
cope psychologically once the child was 
born than mothers who learned of their 
baby’s disorder at birth. Based on that find- 
ing, if fetal DNA testing fully comes of age, 
it may provide many potential parents with 
news that’s difficult to hear, but it could 
also give them time to decide what’s right 
for them and accept their decision. 

—JOCELYN KAISER 
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Nuclear Weapons 


Laser Facility Faces Burning 
Questions Over Cost, Technology 


The National Ignition Facility is the world’s biggest laser. So maybe it’s no surprise that 


sparks are flying over its fate 


Nobody ever said recreating a thermonuclear 
explosion in a laboratory was going to be easy. 
But this year, the Department of Energy’s 
(DOE) long-troubled National Ignition Facil- 
ity (NIF) has suffered a series of political and 
fiscal blows that threaten to sink the stadium- 
sized laser. With doubts recently 
raised about the project’s technical 
progress, Congress must decide 
whether to give DOE enough 
money to continue building the 
$3.5 billion facility, housed at 
Lawrence Livermore National 
Laboratory in California. 

NIF is the linchpin of DOE’s 
$5.5-billion-a-year stockpile 
stewardship research program— 
an effort to use science to assure 
the effectiveness of existing 
nuclear weapons without actually 
testing them. Its 192 lasers are 
designed to heat a pea-sized cap- 
sule of heavy hydrogen 100 mil- 
lion degrees to achieve a fusion 
reaction simulating the guts of 
a nuclear warhead. Although 
the project has spent 80% of 
its estimated budget, only eight of 
the 192 lasers are operational, and 
a recent report by the Jasons, an elite outside 
group, says there is “substantial technical 
risk” of not achieving fusion ignition by 
DOE’ stated 2010 goal. 

The Bush Administration has requested 
another $337 million for 2006, an amount 
that the House of Representatives endorsed 
before the Senate slashed it to $103 million 
in June. While the lower funding level 
would effectively kill the project, NIF proj- 
ect head Ed Moses is optimistic. “We’ve 
been through this before, and we’ll get 
through it again,” he says. 

Approved in 1993, NIF has never had a 
smooth ride. The nuclear weapons community 
has long been divided on its usefulness for 
assessing U.S. nukes, and the project, initially 
pegged at $2 billion, is 3 years past its original 
planned completion date. In 2000, manage- 
ment scandals led to a reshuffling. Last year, 
after DOE pushed the target ignition date back 
to 2014, Senator Pete Domenici (R-NM), a 
recurrent foe and chair of the spending panel 
that controls DOE’s budget, threatened to “do 
everything in my power” to force the lab to 
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confront “pressing technical issues.” Lab offi- 
cials subsequently altered their schedule to 
achieve ignition by 2010. 

Still, a string of review boards have 
blessed its mission. Just last year, for exam- 
ple, a review by the Defense Science Board 


Bright idea. Energy Secretary Samuel Bodman (right) tours NIF with 
Livermore's Ed Moses. 


concluded that “[L]aser performance 
parameters ... have been demonstrated.” 
And Livermore Director Michael Anastasio 
says, “I believe the project is going well.” 

The Jasons’s report, delivered in June, 
takes another look at the lasers, which have 
been used for 400 shots, as part of its inquiry 
into whether NIF will be ready by 2010. NIF 
scientists point to successful results separately 
using the three kinds of so-called “beam 
smoothing” devices, during which proper 
focus and laser spot-size were achieved. But 
the report urges the project to demonstrate that 
the three techniques can work simultaneously, 
at full energy and high frequency. 

Arrayed in a 10-meter sphere, the acti- 
vated lasers turn the target into a plasma, 
which can reflect some laser light in a phe- 
nomenon known as backscattering. The 
Jasons’s report says the problem is “a serious 
potential risk” and calls for more study, 
including real tests of the system. But NIF 
doesn’t plan to do those tests, since managers 
have halted further laser-target experiments 
until all 192 lasers are built. 


The Jasons also said that Livermore’s 
decision to conduct the first experiments in 
2010 at 1.0 megajoules (MJ) rather than the 
intended operating level of 1.8 MJ would 
reduce their chances of success. The reduc- 
tion, NIF managers say, will let them ramp up 
gradually, but critics say the real goal is to 
protect expensive optics. The full 1.8 MJ 
allow use of larger, more robust targets. With 
smaller targets, the Jasons fear, irregularities 
such as asymmetrical squeezing may prevent 
ignition. Critics as well as supporters also 
now worry that the laser won’t be able to 
deliver full power. “The laser operates at one- 
third the total energy without damage,” says 
plasma physicist Stephen Bodner, 
a consultant to the Jasons’s study 
and longtime NIF critic. 

Despite its criticism, the panel 
wants the project to be completed, 
says Jasons study leader David 
Hammer of Cornell University in 
Ithaca, New York, noting the report 
hailed engineering feats including 
diagnostics and other supporting 
technologies. In fact, NIF Associ- 
ate Director George Miller pre- 
dicts that getting the 192 lasers, the 
target, and the diagnostics working 
correctly together will pose a more 
formidable challenge than reach- 
ing 1.8 MJ. As for the backscatter- 
ing, he says the plasma encoun- 
tered in the early tests is different 
from what they’ll encounter in the 
final product. “To create ignition- 
relevant plasmas, you have to com- 
plete NIF,’ Miller said in an e-mail. 
Lab officials also believe that the smoothing 
performance shown in separate tests is ade- 
quate because the three techniques do not 
interact. But they acknowledge a full-power 
test shot with all three smoothing techniques 
simultaneously won’t be performed until 
early next year. 

Within Congress, Sen. Dianne Feinstein 
(D-CA) is expected to lead the charge for 
full funding. Domenici is unhappy that 
other laboratory stockpile stewardship pro- 
grams—several of which, NIF supporters 
note, are located in his home state—are 
being cut to fund NIF. So more funds for 
those programs could win him over. Con- 
gressional supporters also hope the White 
House will step in. In February, DOE Sec- 
retary Samuel Bodman called NIF the 
“core” of U.S. stockpile stewardship; now 
Bodman’s spokesperson says the secretary 
needs to learn more about the project. The 
administration also failed to react offi- 
cially to the Senate cuts. To survive, the 
biggest laser ever built just might need a 
little more firepower. —Eut KINTISCH 
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Vioxx Verdict: Too Little or 
Too Much Science? 


A widow's victory in the first of thousands of cases against Merck’s pain reliever 
sidesteps important questions about the drug and a patient’s death 


In her closing argument last month in a 
Texas courtroom, Merck lawyer Gerry 
Lowry said that science is “what this 
[Vioxx] case is all about.” The team repre- 
senting the pharmaceutical giant presented 
reams of data to show that Vioxx was not to 
blame in the death of the plaintiff’s husband, 
a 59-year-old triathelete. So when 10 of 
12 jurors decided that Merck was guilty of 
producing and marketing a drug that could 
be deadly, some reports painted the outcome 
as a triumph of hot emotion over cold facts. 

But observers say that neither legal team 
dealt forthrightly with two important scien- 
tific questions: How safe are Vioxx and simi- 
lar drugs, and did the victim, a Wal-Mart 
employee named Robert Ernst, actually die 
from one of the drug’s known side effects? 
“Both sides avoided the scientific complex- 
ity,’ says Garret FitzGerald, a cardiologist and 
pharmacologist at the University of Pennsyl- 
vania in Philadelphia who has criticized 
COX-2 inhibitors, the class of drugs to which 
Vioxx belongs, despite having received 
research funding from Merck. That complex- 
ity, which received only minimal attention 
during the 5-week trial, centers on how Vioxx 
affects the heart—and how new techniques 
can pinpoint death by blood clot even if it’s 
not visible during a standard autopsy. 

Carol Ernst’s suit on behalf of her hus- 
band, who died in 2001 after taking Vioxx for 
8 months, is one of more than 4000 pending 
suits against the one-time blockbuster drug 
that Merck pulled from the market last Sep- 
tember after a study showed an increased risk 
of heart attacks and strokes. The jury’s brief 
deliberations and the size of the verdict— 
$253 million, some 10 times what Texas law 
allows—led some observers to conclude that 
jurors disregarded the factual evidence in 
favor of emotional arguments put forth by the 
plaintiff’s attorney Mark Lanier. “The jury 
never quite got it—a lot of people just don’t 
want to hear data,” says Thomas Wheeler, a 
pathologist at Baylor College of Medicine in 
Houston, Texas, who testified as a paid wit- 
ness on Merck’s behalf. In fact, jurors told the 
Wall Street Journal after the verdict that the 
science presented during the trial “sailed 
right over their heads.” 

But questioning the jury’s scientific 
competence—a majority had high school 
educations—may be missing a more impor- 
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Running question. Whether 
arrhythmic victim Robert Ernst 
also suffered a blood clot (inset) 
went unanswered at the trial. 


tant issue. “It is all too easy to blame the 
jury for being stupid,” says Shari Diamond, 
a research psychologist and law professor 
at Northwestern University in Chicago. She 
and others believe the jury was convinced 
by studies showing that Vioxx can cause 
abnormally high rates of heart attack and 
stroke. Neil Vidmar, a law professor and 
psychologist at Duke University in 
Durham, North Carolina, adds that 
although “science seemed to be the issue” 
during the trial, “I suspect the strongest evi- 
dence [against the defense] was that Merck 
had covered up.” Internal memos and 
e-mails cited in the trial show that Merck 
scientists were aware of cardiovascular 
concerns about Vioxx long before a 2000 
article in The New England Journal of 
Medicine first raised the issue publicly. 
Unlike older anti-inflammatory drugs, 
Vioxx and other COX-2 inhibitors are 
thought less likely to upset the stomach or 
cause gastric bleeding. The compounds— 
which include Pfizer’s Bextra and Cele- 
brex— inhibit on a narrower set of inflam- 
matory enzymes than their painkilling pred- 


ecessors do. That action, researchers 
believe, may instigate and accelerate blood 
clotting that could lead to heart attacks and 
strokes (Science, 15 October 2004, p. 384). 

However, Ernst’s death certificate listed 
arrhythmia rather than a heart attack 
brought on by a blood clot. Vioxx or other 
COX-2 drugs have not been associated in 
any study with arrhythmia. And the autopsy 
showed no signs of clotting that could have 
generated a heart attack. Wheeler, a pathol- 
ogist who has specialized in prostate rather 
than heart research, told the jury that Vioxx 
could not have been responsible for Ernst’s 
death. “And I stand by that,” he told Science 
last week. 

But FitzGerald and others aren’t so 
sure. Although there was no evidence of a 
clot, he says, “that doesn’t mean [Ernst] 
didn’t have one.” Eric Topol, a cardiovascu- 
lar researcher at the Cleveland Clinic in 
Ohio who has been a vocal critic of Vioxx, 
notes that clots traditionally have been diffi- 
cult to track because they sometimes dis- 

solve only to reform. “This is 
not a static phenomenon.” 
Clots also can embolize, or 
shower downstream, leaving 
little trace. It’s even possible 
to find clues of a vanished 
clot using microscopic exam- 
inations of heart tissue, a 
method pioneered by the late 
Michael Davies. 
Such a fine-tuned autopsy 
was not performed on Ernst. 
As a result, says Topol, “they 
spent 5 weeks discussing the wrong topic. 
The issue was [what causes] sudden cardiac 
death, not [that Ernst suffered an] arrhyth- 
mia.” The sharp distinction Merck tried to 
draw was blurred by testimony from the 
coroner Maria Araneta that a blood clot may 
have been dislodged and dissolved during 
attempts to save Ernst’s life. 

Merck’s general counsel Kenneth 
Frazier said after the trial that “the jury was 
allowed to hear testimony that was not 
based on reliable science and that was irrel- 
evant.” He vowed to appeal that case, in part 
on that basis, and to fight some 4200 pend- 
ing cases “one by one,” although last week 
he told The New York Times that Merck 
might be willing to settle select cases. 

Yet even if upcoming trials involve heart 
attack and stroke victims, they inevitably will 
require sorting through many complex fac- 
tors, says Topol. And a courtroom, Wheeler 
notes, is a difficult place to debate compli- 
cated research issues. So even if science is 
what the Vioxx debate is all about, it’s a strain 
developed for the courtroom, not the lab. 

—ANDREW LAWLER 
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The Quest for Dark Energy: 
High Road or Low? 


A space telescope could reveal the mysterious stuff that is blowing the universe apart— 


if those on the ground don’t do it first 


Seven years ago, astrophysicists 
asked a simple question: “How 
far?” The answer overturned our 
understanding of the cosmos. 

Since 1929, researchers had 
known that the universe is expand- 
ing. But they assumed the expan- 
sion is slowing as the universe’s 
own gravity tugs against it. Two 
teams set out to observe the slow- 
ing by measuring the distances to 
exploding stars known as super- 
novae. To the researchers’ surprise, 
the farthest supernovae were far- 
ther than expected. That meant the 
expansion of the universe is accel- 
erating as if driven by some weird 
space-stretching “dark energy.” 

“When we first saw the result, 
I assumed our data was miscali- 
brated,” recalls Saul Perlmutter of 
Lawrence Berkeley National Lab- 
oratory and the University of Cal- 
ifornia, Berkeley. But within a 
few years, studies of the afterglow 
of the big bang—the “cosmic 
microwave background”—and 
other measurements bolstered the 
case for dark energy and showed 
that it accounts for a whopping 
two-thirds of the universe. “The 
amazing thing about this dis- 
covery is how quickly people 
accepted it,’ Perlmutter says. 

Yet researchers still don’t 
know what the mysterious stuff 
is. They believe the answer lies in 
observing thousands of supernovae and mil- 
lions of galaxies. Sometime in the next 
decade, NASA and the U.S. Department of 
Energy (DOE) are expected to launch a 
$600-million space telescope designed to 
measure dark energy, the Joint Dark Energy 
Mission (JDEM). 

But even as they lay their plans for the 
satellite, researchers are debating whether 
they could hammer out key properties of 
dark energy with observations from the 
ground. NASA, DOE, and the U.S. National 
Science Foundation have received dozens of 
proposals for measuring dark energy from 
terra firma, and the agencies have assembled 
a Dark Energy Task Force to evaluate them 
and report back by year’s end. The task 


Don't look down. A proposed space telescope such as SNAP 
(top) faces competition from today’s ground-based telescopes 
such as the Canada-France-Hawaii Telescope on Mauna Kea. 


force’s report will help the agencies set their 
near-term priorities and will inform another 
panel studying proposed methods and tech- 
nologies for JDEM. 

Figuring out what can be done from the 
ground may be key to keeping JDEM afford- 
able. “Clearly, you should only do from 
space what you have to do from space,” says 
Rocky Kolb, a cosmologist at the Fermi 
National Accelerator Laboratory in Batavia, 
Illinois, and chair of the task force. But 
deciding what’s best done where is tricky, 
says Charles Bennett, an astrophysicist at 
Johns Hopkins University in Baltimore, 
Maryland, and co-chair of the JDEM science 
definition team. “We don’t know what dark 
energy is, and there are different ways to 


measure it and different aspects to measure,” 
Bennett says. “There are unknowns in all 
directions.” 


Weird and weirder 

So far theorists have dreamed up three ideas 
of what dark energy might be, each one a 
challenge to the current conception of the uni- 
verse, says Sean Carroll, a theoretical physi- 
cist at the University of Chicago. “There are 
no uninteresting possibilities,” Carroll says, 
“which is what makes it so exciting.” 

Perhaps the simplest explanation is that 
dark energy is part of the vacuum itself, so 
that space naturally tends to stretch as if 
driven by some inherent constant pressure. In 
1917, Albert Einstein proposed such a pres- 
sure, or “cosmological constant,’ to counter- 
act gravity and keep the universe from 
imploding. He later abandoned the notion as 
unnecessary when astronomers found that 
the universe is in fact expanding. But Ein- 
stein’s orphaned idea may be the thing that 
drives the acceleration of the universe. 

If so, it will vex particle physicists. For 
decades they’ve known that, thanks to quan- 
tum mechanics, the vacuum roils with parti- 
cles popping in and out of existence, and that 
such “virtual” particles give the vacuum an 
energy that could serve as the cosmological 
constant. Unfortunately, the energy physi- 
cists calculate is far too big to fit the data. 
In the past, theorists have assumed for the 
sake of simplicity that some still-unknown 
principle cancels everything out to make the 
vacuum energy add up to zero. If there is a 
cosmological constant, Carroll says, that 
tidy fix won’t work. 

Alternatively, the dark energy might 
come from some sort of particle or inter- 
action that propagates through space much 
as light does and provides the space-stretching 
push. Such “quintessence” theories skirt the 
problem with the vacuum energy, but they 
run into difficulties with other aspects of 
particle physics. For one, theorists must 
explain why the new particles don’t interact 
with those already familiar to us. 

Finally, the accelerated expansion might 
not be driven by dark energy at all. Rather it 
could signal that across billions of light- 
years, gravity no longer works as Einstein’s 
general theory of relativity predicts it 
should. “It’s very hard to change gravity on 
large distances without changing it at short 
distances, too,” says Gia Dvali, a theoreti- 
cal physicist at New York University. But 
that’s a good thing, he says, because it 
means that theories that modify gravity 
may be easier to test. 

Researchers hope to distinguish between 
the possibilities by measuring simply how the 
density of dark energy changed as the uni- 


2 SEPTEMBER 2005 VOL309 SCIENCE 


CREDITS (TOP TO BOTTOM): ROBIN LAFEVER/LBNL; J.-C. CUILLANDRE/CFHT 


CREDIT: C. BICKEL/SCIENCE 


verse expanded. If dark energy is a cosmo- 
logical constant, then the density should have 
remained constant (see figure, below). And if 
the density varied, then dark energy must be 
something else. To tell the difference, 
researchers must trace the history of the 
expansion of the universe, which is encoded 
in the ancient light from far-flung stars. 


How red? How far? 

The quest boils down to asking two ques- 
tions about some astronomical object, such 
as a supernova or a cluster of galaxies: How 
far away is it? And how red is its light? The 
record of the universe’s expansion lies in the 
combination of the two answers, the so- 
called “distance-redshift relation.” 

As space expands, light zipping through 
it stretches to longer and redder wave- 
lengths, much as sound waves in a slide 
whistle shift to lower pitches as the whistle’s 
plunger descends. Light’s wavelength 
increases more quickly if space is stretching 
faster. So to accumulate a given amount of 
stretch, or “redshift,” light would have had 
to travel longer and farther if the universe 
had expanded more slowly billions of years 
ago than if the universe had always 
expanded at its current rate. Astronomers 
first glimpsed dark energy by noting that 
supernovae whose light had been stretched 
by 20% to 100%—that is, with redshifts of 
0.2 to 1.0—were farther away than expected 
(Science, 27 February 1998, p. 1298). The 
leading proposals for JOEM—designs 
named SNAP, JEDI, and Destiny—all aim 
to measure thousands of supernovae with 
redshifts as high as 1.7. 

But instead of a supernova, the object in 
question could be the distance between 
galaxies, says Daniel Eisenstein, a cosmo- 
logist at the University of Arizona in Tucson. 
Because of a phenomenon known as “baryon 
acoustic oscillations,” galaxies show a slight 
tendency to space themselves at a specific 
distance. That distance, about 500 million 
light years, is determined by how far sound 
waves traveled in the plasma that filled the 
primordial universe before atoms formed. 
By surveying millions of galaxies of a given 
redshift and measuring how far apart they 
appear in the sky, researchers can determine 
their distance and deduce the distance- 
redshift relation, Eisenstein says. 

Galaxies might also reveal the evolution 
of dark energy through a more subtle effect. 
From studies of the cosmic microwave back- 
ground, researchers know that almost all the 
matter in the universe is undetected “dark 
matter,” which fills space with vast fila- 
ments that contain the galaxies. Gravity 
from those threads bends light from more 
distant galaxies and distorts their appear- 
ance so that neighboring galaxies in the sky 
seem to line up (Science, 17 March 2000, 
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p. 1899). Such “weak gravitational lensing” 
depends on the distances to the dark-matter 
“lens” and the observed galaxy. So by com- 
paring the lensing of millions of galaxies at 
different redshifts, researchers hope to deci- 
pher the distance-redshift relation. 

Finally, researchers might probe dark 
energy simply by counting clusters of 
galaxies in a patch of the sky, says Joseph 
Mohr, an astronomer at the University of 
Illinois, Urbana-Champaign. The number 
of clusters at a given redshift reveals how 
much volume the patch contains, and the 
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Loaded question. Dark energy acts like a spring that stretches space. If it’s a cosmological constant, the 
spring grows with space to maintain a constant push (top). Otherwise, the push may vary (bottom). 


size of the patch in the sky reveals how far 
away it is, just what cosmologists need to 
know to trace the expansion. 


The ups and downs 

The question now is where best to make the 
observations. All agree that supernovae with 
redshifts greater than | can be studied only 
from space because their light stretches to 
infrared wavelengths that would get lost in 
the infrared glare of the atmosphere. Beyond 
that, consensus vanishes. 

“If you’re looking at stellar objects, 
you're better off in space,” says Anthony 
Tyson, an astrophysicist at the University of 
California, Davis. “If you’re looking at 
galaxies, you’re better off on the ground.” 
Tyson leads the team developing the Large 
Synoptic Survey Telescope (LSST), a 
ground-based behemoth with an 8.4-meter 
mirror and a camera with 3 billion pixels, 
which if funded could take its first look at 
the sky in 2012 (Science, 27 August 2004, 
p. 1232). Imaging the entire sky and some 
3 billion galaxies, LSST should best space- 
based measurements of weak lensing and 
baryon acoustic oscillations, Tyson claims. 

But others say such cut-and-dried stan- 
dards are too simplistic. For example, 
atmospheric distortions can mimic weak 
lensing, says Gary Bernstein, a cosmologist 


News Focus 


at the University of Pennsylvania in 
Philadelphia. So a space-based weak- 
lensing study might do better than LSST 
even if it counted only a few hundred- 
million galaxies. Similarly, the redshifts of 
galaxies are harder to measure from the 
ground, says Arizona’s Eisenstein, so earth- 
bound baryon acoustic oscillation measure- 
ments could prove impractically slow. 
Given the uncertainties, researchers 
have proposed different strategies for 
JDEM. The infrared Destiny space tele- 
scope would measure only supernovae, says 
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Jon Morse, an astrophysicist at NASA’s 
Goddard Space Flight Center in Greenbelt, 
Maryland. “Destiny is focused like a laser 
on this one problem,” he says. But that’s tak- 
ing a risk, says Yun Wang, a cosmologist at 
the University of Oklahoma in Norman and 
leader of the JEDI project. “We still don’t 
know that supernovae will give you the pre- 
cision you need to really know what dark 
energy is,” she says. JEDI and SNAP would 
measure supernovae, weak lensing, and 
baryon oscillations. 

The biggest uncertainties surrounding 
JDEM may be more political than technical. 
Both NASA and DOE list JDEM as a prior- 
ity, but neither has committed to building it. 
Researchers say they’re ready to start now, 
for a launch before 2011. But JDEM may 
not launch until 2017. And in the meantime, 
ground-based measurements will continue 
to whittle away at our ignorance—and 
JDEM’s potential scientific impact. 

“You shouldn’t look at a space mission 
as an improvement over what you know 
today,” says Johns Hopkins’s Bennett. “You 
should look at it as an improvement over 
what you’ll know tomorrow.” But as tomor- 
row gets pushed further into the future, such 
prognostications grow as murky as the 
nature of dark energy itself. 

—ADRIAN CHO 


1483 


It’s a small world. 


The NanoDrop® Spectrophotometer has the power to analyze it. 


1 pl samples «= No dilutions * 


¢ Nucleic Acid concentration and purity measurements (from 
a 2ng/ul detection limit up to 8700ng/ul for dsDNA) 


e Microarray nucleic acid and dye concentrations to 
determine labeling efficiency (Cy3, Cy5, Alexa Fluor dyes...) 

¢ Protein, labeled and unlabeled, concentration and purity 
measurements (A280, protein arrays, Bradford, BCA, Lowry, 
antibody conjugates, metallo-proteins ...) 


¢ General UV/Vis Spectrophotometry 


i 


7 
Bana 
3) 
a 

| 24558 J 
Lense 
Lees 5 
L146 
AM) 224 


Co 


Measurement is as easy as pipette and read. The sample is 
read using two different path lengths (1mm and 0.2mm) to 
achieve an extensive dynamic range that virtually eliminates the 
need for dilutions. Then just a quick wipe clean and you're ready 
for your next sample. What could be easier—or more powerful? 


Ready to experience the power of small? Contact us today 
and find out what our satisfied users worldwide have to say 
about the NanoDrop® ND-1000 Spectrophotometer. 


FREE one week evaluation 
Call for details. 


(302) 479-7707 


= NanoDrop 


when every drop counts. 


©2005 NanoDrop Technologies, Inc. 


RANDOM SAMPLES 


Edited by Constance Holden 


Sleepless and Sharp 


Researchers have found that a drug that 
enhances mental alertness may also hold 
promise for helping shift workers and 
others battle sleepiness. 

The drug, CX717, is an ampakine, one 
of a class of synthetic compounds that 
amplify the signal of glutamate, a neuro- 
transmitter important for learning and 
memory. Sam Deadwyler, a neuroscientist 
at Wake Forest University School of Medi- 
cine in Winston-Salem, North Carolina, 
wondered if ampakines could help in his 
search for strategies to prevent sleep depri- 
vation in pilots. He and his colleagues found 
that when given the drug, monkeys kept 
awake for 30 to 36 hours outdid their well- 
rested, drug-free counterparts in cognitive 
tests. And brain 
scans showed 
that unlike other 
stimulants, the 
drug worked 
selectively, 
increasing activity 
only in the areas 
activated during 
the mental tasks, 
the researchers 


Proponents of animal rights have been 
stepping up their activities in defiance of a 
new U.K. law that calls for substantial 
prison terms for anyone interfering with 


Animal Wars 


As the battle between animal rights activists 
and researchers continues to escalate in 


-_ 
CX717 may have similar effects in 
humans. The manufacturer, Cortex Pharma- 


reported the United Kingdom, 500 U.K. scientists life science facilities or their providers. 
22 August in and doctors, including 3 Nobel laureates, Signers of the petition, organized by the 
PLoS Biology. have signed a petition in favor of the use London-based Research Defense Fund, say 


of animals in research. 
The petition comes on the heels of a 


they will not be intimidated. “We would 
rather not use animals, and we try hard to 
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ceuticals in Irvine, California, says in a small 
pilot study the drug improved mental func- 
tion in young men kept awake for 27 hours. 
The Defense Department is now starting a 


decision by a small farm in central England 
that supplied guinea pigs for researchers to 
fold the business after 6 years of harassment 
by activists who last fall dug up the remains 


of the mother-in-law of one of the farm 
owners. Andrew Gay, a spokesman for 
Huntingdon Life Sciences, a longtime target 
of antivivisectionists, says the assault on 

the farm “marks a definite change in tactics” 
as protestors turn from large institutions to 
more vulnerable small outfits—"the soft 
underbelly of the life sciences.” 


trial to test the drug with shift workers. 

“This could have very large social and 
economic consequences,” says ampakine 
inventor Gary Lynch of the University of 
California, Irvine. He says a similar drug, 
Modafinil, affects different brain systems— 
those regulating sleep—so “the [two] drugs 
will probably find quite different uses.” 


Astronomers ID Adams Snap 


Astronomers say they have pinpointed the exact time and place that Ansel Adams took 
his famous photograph in California's Yosemite National Park. Autumn Moon, the High 
Sierra from Glacier Point, is known only to have been taken some time in the 1940s. Ateam 
led by Donald Olson at Texas State University in San Marcos concluded, after scouring 
maps, weather records, lunar tables, astronomical software, and a recently uncovered 
color version of the photograph, that it was taken near a geology hut on 15 September, 
1948, at approximately 7:03 p.m. At right is a long-exposure photo the scientists took at 
the site. Their report will be in the October issue of Sky and Telescope. 


find alternatives,” says Robin Lovell-Badge, 
a geneticist at the National Institute for 
Medical Research in London. 

The animal rights battle may be further 
inflamed by plans to genetically engineer 
monkeys to develop Huntington's disease, 
announced last week by Yerkes Primate 
Center. Coincidentally, animal rights groups 
at an international conference in Berlin 
last week came out with a new petition 
calling for a global ban on experimentation 
with primates. 
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Hot seat. A 19-year veteran 
of Brookhaven National Labo- 
ratory in Upton, New York, 
has become the first woman 
to chair its physics depart- 
ment. A particle theorist with 
134 publications to her credit, 
Sally Dawson, 50, will lead a 
staff of 260 and oversee a 
budget of nearly $60 million. 
Dawson, 
now acting 
chair, 
assumes the 
helm of a 
struggling 
department. 
Last month, 
the National 
Science 
Foundation 
canceled a 
pair of high 
energy physics experiments 
to be built at the lab (Science, 
19 August, p. 1163), and 
there's a cloud over the lab’s 
flagship Relativistic Heavy lon 
Collider, a particle smasher 
that studies nuclear physics 
(Science, 24 June, p. 1852). 
Dawson’s skills as a consensus 
builder should help her guide 
the department through its 
troubles, says Yannis 
Semertzidis, an experimental 


Shark attack. A marine field trip turned 
tragic last week near Adelaide, Australia. 
Jarrod Stehbens, 23, was diving with 
another research assistant off a reef about 
2 kilometers offshore to collect cuttlefish 
eggs as part of a research project on the 
population structure of the species Sepia 
apama, which has been threatened by 
fishing. When the pair was about to 
emerge from the water, they were attacked 
by what was likely a great white shark. The 
other diver managed to surface and was 
pulled from the water by two researchers 
on the boat, but Stehbens was dragged 
down and vanished. Stehbens graduated 
last month from the University of Adelaide 
and was about to begin a Ph.D. program in 
marine ecology at the Alfred-Wegener 
Institute for Polar and Marine Research in 


Helgoland, Germany. 


physicist at Brookhaven. "She 
listens to you sincerely, and 
she has great enthusiasm for 
physics,” he says. “She under- 
stands that the way out of the 
mess is physics, not politics.” 


Ideas man. Peter McPherson 
says that his first task as the 
new president of the National 
Association of State Universi- 
ties and Land-Grant Colleges 
(NASULGC) is to halt “the 
gradual defunding” of public 
universities by state legislators. 


. POLITICS ~~ es 


Holding course. Mohammad-Mehdi Zahedi, an expert on fuzzy 
mathematics at the Shahid Bahonar University of Kerman, has 
been named Iran's new science minister. But Zahedi is not 
expected to deviate far from the course laid by his predecessor, 
Ja’far Tofiqi, who championed big-science projects in high- 
energy physics, astronomy, and biotechnology in the country’s 
$900 million science portfolio. “It’s too early to say anything,” 
says deputy research minister Reza Mansouri, an astrophysicist, 
who nonetheless predicts only minor fluctuations in science 
policy. Zahedi, whose appointment was confirmed by Iran's 
Parliament last week, could not be reached for comment. 

Iranian researchers are more worried about the policies of 
the country’s new president, the ultraconservative Mahmoud 
Ahmadinejad. They say that a potential rollback of social 
reforms and a chill in relations with the West provoked by Iran's 
nuclear ambitions are greater threats to Iranian science than 
any potential changes brought about by Zahedi. 


MISFORTUNES 


McPherson, 64, has watched 
that trend for the past 11 years 
as president of Michigan State 
University. There he learned 
the value of finding other 
sources of revenue, a skill that 
he plans to 
share with 
NASULGC's 
215 mem- 
bers. 

“Ideas 
move 
things, and 
money can 
follow,” says 
McPherson. 
He will take 
over from 
Peter McGrath, who's leaving at 
the end of 2005 after 14 years 
atop the association. 


RISING STARS 


Not old enough. 14-year-old 
Yinan Wang is the latest child 
prodigy to be offered a univer- 
sity place in the U.K. Could he 
also be the last? 

Unable to speak English 
when he arrived in the U.K. 
from China two years ago, 
math and physics whiz Wang 
is now on his way to Oxford to 
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study materials science. But a 
new U.K. law, passed in March, 
states that all those working 
with children have a legal duty 
to protect them. In recent 
years, Oxford was the only 
British university to accept 
children as young as 12. 

But it will probably no longer 
do so. The new law would 
mean expensive training and 
screening of any personnel 
coming into contact with 
these youth, who would not 
be allowed to live with other 
students. Admissions officials 
are considering establishing a 
minimum age of 17, according 
to a spokesperson. 

That would be unfortunate, 
says mathematician Ruth 
Lawrence, who was 12 when 
she went to Oxford in 1982. 
Lawrence, now at Hebrew 
University in Jerusalern, 
believes parents or guardians 
should keep track of their 
children as her father did when 
she was at Oxford. “Universities 
should not be turned from 
wellsprings of knowledge into 
caretakers for students.” 


Got any tips for this page? 
E-maillpeople@aaas.org] 
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The Perils of 
Increased Aquaculture 


IN A RECENT OPINION PIECE DISTRIBUTED TO 
U.S. newspapers, Conrad Lautenbacher, 
the Administrator of the National Oceanic 
and Atmospheric Administration (NOAA) 
argued in favor of the National Offshore 
Aquaculture Act of 2005 (“A boost for 
aquaculture?”, Random Samples, 17 June, 
p. 1738). This Act would give NOAA 
responsibility for permitting offshore 
aquaculture operations up to 200 miles 
from shore in U.S. waters. 

The arguments in favor of promoting 
expanded aquaculture include meeting 
market demand for seafood and decreasing 
the seafood “trade deficit.” Aquaculture’s 
potential for solving these problems is 
debatable, and many concerns must still be 
addressed and acknowledged openly. 

The U.S. Commission on Ocean Policy 
report (/) recommended that NOAA serve as 
the lead agency for permitting an expanded 
aquaculture program. Although this 
makes sense, the agency should not 
overemphasize the potential benefits 
and downplay the potential hazards, 
which include serious environmental 
consequences such as pollution from 
aquaculture waste, potential marine 
mammal entanglements, escapement 
of aquaculture species into the wild, 
and spread of disease. Furthermore, 
if we culture carnivorous species that 
rely on fish meal as a food source, 
this could have the unintended conse- 
quence of increasing fishing pressure 
on fish meal species. 

NOAA should not lose sight of the 
other aquaculture recommendations 
of the Commission. One of the most 
important of these is coordination 
with the United Nations Food and Agriculture 
Organization (FAO) “to encourage and facili- 
tate worldwide adherence to the aquaculture 
provisions of the Code of Conduct for 
Responsible Fisheries.” Importing food raised 
through aquaculture from other countries that 
sacrifice their environments does little to 
enhance marine ecosystems worldwide. 

What is most worrisome is what is not 
being discussed. Many of the important 
recommendations of the U.S. Commission 
on Ocean Policy may face the worst fate of 
all—being ignored. 

DAVID A. MANN 
College of Marine Science, University of South 
Florida, 140 Seventh Avenue South, Saint 
Petersburg, FL 33701-5016, USA. 
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Notes and Double 
Knocks from Arkansas 


IN THE SEARCH FOR IVORY-BILLED WOOD- 
peckers (Campephilus principalis) in the Big 
Woods region of eastern Arkansas [“Ivory- 
billed woodpecker (Campephilus principalis) 
persists in continental North 


America,” Reports, 3 June, 
p. 1460], our unattended dig- 
ital autonomous recording 
units (ARUs) recorded over 
17,000 hours of ambient 
sound at 153 sites between 18 
December 2004 and 31 May 
2005. Review and analysis of 
these recordings are ongoing, 
and a full account will be 
published when analyses are 
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A painting of the ivory-billed woodpecker and the 
device used to record its calls. 


complete. Here we briefly describe examples 
of the possible nasal “kent” notes and “double- 
knock” display drums mentioned in our 
Report and provide them as supporting online 
material (SOM) (/). 

On four different mornings in January 
2005, a single ARU in the White River 
National Wildlife Refuge (NWR) recorded 
a sequence of kent-like vocalizations. The 
four sequences, which lasted 8 to 41 s and 
contained between 11 and 26 notes, are 
extremely similar; the recording of 29 
January (audio S2) is typical of them. In the 
same area, experienced observers have 
heard blue jays (Cyanocitta cristata) pro- 
duce atypical notes resembling these ARU 
recordings. Quantitative comparisons of 
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these kent-like sounds with sounds of 
known ivory-bills (SOM text; audio S1), 
white-breasted nuthatch (Sitta carolinen- 
sis), and the most kent-like notes of blue jay 
in the collection of the Cornell Laboratory 
of Ornithology’s Macaulay Library indicate 
that the notes recorded by the ARU are most 
similar to those of ivory-bills. 

Sounds that are strikingly similar to the 
double knocks of other Campephilus wood- 
peckers (SOM text; audio S3) were 
recorded by ARUs in several areas of the 
White River and Cache River NWRs. One 
recording (audio S4), made 1.3 km from the 
site of the kent-like notes discussed above 
at 0645 local time on 24 January, includes a 
low-amplitude, apparently distant double 
knock followed 3.5 s later by a higher- 
amplitude, apparently closer double knock. 
Although the sequence and cadence of this 
recording match an exchange between two 
individuals of a Campephilus woodpecker, 
the relative amplitude of the separate 
strikes in each double knock is atypical 
(SOM text). 

Additional descriptions and discussion of 
our acoustic data are available at 
www.birds.cornell.edu/ivory/field/listening 
Further acoustic monitoring and field obser- 
vation (including intensive efforts to record a 
large sample of the vocal repertoire of local 
blue jays) are planned for the areas where 
these recordings were made. 
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Technology and Department of Information 
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Nature Makes a 
Difference in the City 


THE EDITORIAL “NATURE IN THE METROPOLIS” 
by P. Crane and A. Kinzig (27 May, p. 1225) 
called attention to the importance of nature 
in the modern metropolis and to the role of 
green cities in developing sustainable urban 
environments; in this context, SAo Paulo was 
mentioned. With a population of almost 21 
million, S40 Paulo’s metropolitan area 
includes relatively large fragments of 
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Sao Paulo, Brazil 


Atlantic rain forest (/). These fragments are 
important in controlling water pollution and 
eutrophication of the water supply reservoirs 
serving the area. Forests and peri-urban area 
wetlands around the reservoirs remove phos- 
phorus and nitrogen, thus contributing to 
diminishing water treatment costs. These and 
other natural ecosystems are indispensable in 
maintaining water quality within acceptable 
levels in the metropolitan region. In addition, 
as demonstrated by air pollution studies (2), 
these features collectively form a multifaceted 
filter, which contributes to regional air quality. 
Therefore, the conservation and, hopefully, 
eventual expansion of this biosphere reserve 
with its associated natural ecosystems, are 
crucial in preserving the quality of life in 
metropolitan Sao Paulo. 

JOSE GALIZIA TUNDISI 
International Institute of Ecology, Rua Bento Carlos, 
750, Sao Carlos 13560.660, SP, Brazil. 
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Einstein's 
Interoffice Memo? 


THE FOLLOWING IS REPUTED TO HAVE BEEN 
found in the files of the Swiss Patent Office. 


21 September 1904 
TO: Patent Office Headquarters 
FROM: Albert Einstein 
SUBJECT: Commercial Prospects for My 
Research 
I am responding to your request for more 
information concerning my proposed 
research for the coming year. In particular, 
you asked me to describe the prospects for 
the economic development of Switzerland 
that will arise from my current work. You 
have also asked me to explain my work and 
its commercial prospects in terms that are 
understandable to the typical Swiss voter. 

I am working on three related topics: 
Brownian motion, the theory of relativity, 
and the photoelectric effect. Although the 


work on all three is far from complete, I 
believe that it is not too soon to see great 
commercial prospects for Switzerland in at 
least two of these projects. 

Brownian motion is the movement of 
small particles that float in a liquid. No one 
is quite sure why these little fellows jump 
around so much, but previous research con- 
firms that their motions are random. My 
research is based on the idea that liquids are 
composed of tiny little pieces of matter, so 
small that they cannot be seen by the most 
powerful microscope, and that these little 
beggars are always jumping around. 
Occasionally, they bump into the specks 
floating in the liquid, causing the specks to 
jump, too. 

The commercial prospects here depend on 
finding a way to control and make use of the 
jumping specks. If my research is successful, 
we may be able to create new types of liquids 
and specks that cause specks to jump around 
more frequently and in entertaining ways. If 
so, bartenders will be able to sell beer and 
schnapps with colorful bouncing specks. 
Maybe we can find ways to get the specks to 
sparkle or explode when they are bumped, in 
ways that are not damaging to the intestinal 
track of the consumer. If I am allowed to 
patent a device that implements this idea, I 
commit to licensing it only to Swiss brewers 
and distillers, so that Switzerland can domi- 
nate the world market in these products. 

The theory of relativity is an attempt to 
integrate time, distance, matter, and energy 
into a unified theory of everything. My 
progress here is slow, and so I have decided to 
leave out gravity for this version. I am now 
concentrating on the implications of the fact 
that light, unlike other forms of energy, trav- 
els at the same speed in all mediums, even a 
vacuum. This seems to imply that if several 
people see the same light, it will travel in rela- 
tion to each one at the same speed, even if 
they are moving in relation to each other. 

The commercial prospects of this work 
are enormous. If I can prove one or two 
more conjectures, the implication will be 
that it is possible to grow younger if we just 
travel fast enough. The implications for the 
Swiss travel industry are staggering. If I can 
use this theory to build a device for travel- 
ing to youthfulness, I will patent it in 
Switzerland and grant licenses only to 
Swiss travel agencies to offer such excur- 
sions to the public. 

The photoelectric effect refers to the fact 
that under some conditions, one can gener- 
ate electricity by shining light on matter. 
My research pursues some implications of 
my conjecture that energy, too, is comprised 
of little tiny things and that these explain 
how light is transformed into electricity. 

I have thought long and hard about the 
commercial implications of this project, 
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but, sadly, I have not been able to see any. 
Electricity is useful for lights and trolleys, 
but its commercial potential does not seem 
particularly great. Moreover, Edison and 
Westinghouse have been successfully pur- 
suing other means of producing it rather 
than shining lights on certain materials. My 
initial thought was that one could manufac- 
ture an electric light that would shine on 
your newspaper as you walked down the 
street, but I now realize that for this to work 
it would have to be light out anyway. 
Perhaps I should abandon this project in 
favor of the others because its commercial 
prospects are so dim. 

ROGER NOLL 
Department of Economics, Stanford University, 
Stanford, CA 94305, USA. 


Aggressive, or Just 
Looking for a Good Mate? 


IN HER ARTICLE “STRONG PERSONALITIES CAN 
pose problems in the mating game” (News 
Focus, 29 July, p. 694), E. Pennisi discusses 
whether aggressiveness, which helps indi- 
viduals survive, can also impair reproductive 
success. Extremely aggressive female fish- 
ing spiders are mentioned as an example. 


Fishing spiders are closely related to 
lycosid spiders. Lycosid individuals are 
active hunters, and the females are bigger 
and more aggressive than males. 

Schizocosa malitiosa is a common 
Uruguayan lycosid. In this species the male 
performs a conspicuous display (/), then 
struggles with the female, their front legs in 
contact. Mount takes place only if the male 
is allowed to climb on top of the female. 
Males that fail are actively chased away and 
occasionally cannibalized. 

Recent work on S. malitiosa, where vir- 
gin females were exposed to males (2), 
shows that the most aggressive females, 
which rejected and attacked three or four 
males consecutively until finally accepting 
one, hatching a higher number of spider- 
lings than “docile” females, which suc- 
cumbed to their first partner. 

Are the females showing uncontrol- 
lable aggressiveness or instead estimating 
their partners’ condition? The benefits of 
boldness in hunting and defending territo- 
ries could be of use in mate selection, with 
well-nourished females being more 
choosy, selecting males that can probably 
transmit the “good-persuader” condition 
to progeny. 

ANITA D. AISENBERG 


LETTERS 


Laboratorio de Etologia, Ecologia y Evolucién, 
Instituto Clemente Estable, Avenida Italia 3318, 
Montevideo 11400, Uruguay. 
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CORRECTIONS AND CLARIFICATIONS 


Random Samples: “Bombs away... and back” (5 Aug., 
p. 872). Because of a reporting error, the story incor- 
rectly identified John Rhoades of Bradbury Science 
Museum in Los Alamos, NM as John Wheaton. 


News Focus: “Looted tablets pose scholar’s 
dilemma” by A. Lawler (5 Aug., p. 869). The number 
of scholars who signed a resolution against working 
on possibly looted tablets was incorrectly stated. 
Forty-six scholars signed the document just after 
the meeting and an additional 26 have since signed 
on. The total attendance at the meeting was 130. 


News Focus: "Preventing Alzheimer’s: a lifelong 
commitment?” by J. Marx (5 Aug., p. 864). Francine 
Grodstein’s name was misspelled in the article. 


Editors’ Choice: “Who's the most proficient of 
all?” (5 Aug., p. 852). The enzyme that achieves the 
greatest rate enhancement, without the aid of 
cofactors or metals, is orotidine 5'-monophos- 
phate decarboxylase, and not ornithine 5’- 
monophosphate decarboxylase. The citation 
should read “J. Am. Chem. Soc. 126, 6932 (2004); 
10.1021/ja0525399 (2005).” 
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66 Sharing one copy of 
Science around our re- 


search camp in Brunei requires 
a plan as systematic as the ants 
we’re studying. On the boat, in 
a treetop, or on the deck after 
dinner, we all get our chance 
to catch up on what’s new 

in science. 3 3 
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LETTERS 


TECHNICAL COMMENT ABSTRACTS 
COMMENT ON “Independent 
Origins of Middle Ear Bones in 
Monotremes and Therians” (I) 


Gabe S. Bever, Timothy Rowe, Eric G. Ekdale, 
Thomas E. Macrini, Matthew W. Colbert, Amy 
M. Balanoff 


At least three hypotheses regarding the evolution 
of the mammalian ear can be formulated based on 
the information provided by Rich et al. (Reports, 11 
Feb. 2005, p. 910). Only one of these hypotheses, 
which requires a single species to be polymorphic 
for the mammalian ear and is based on an assumed 


systematic affinity, supports an independent origin. 
Full text at 


COMMENT ON “Independent 
Origins of Middle Ear Bones in 
Monotremes and Therians” (II) 


G.W. Rougier, A. M. Forasiepi, A. G. Martinelli 


Based on a new fossil specimen of the Early 
Cretaceous monotreme Teinolophos trusleri, Rich 
et al. (Reports, 11 Feb. 2005, p. 910) argued that 
middle ear bones formed independently in 
monotreme and therian mammalian lineages. We 
contend that known specimens of Teinolophos pro- 
vide insufficient evidence to overturn the compara- 
tive, embryological, and paleontological evidence 
that support their homology. 

Full text at 


RESPONSE TO COMMENTS ON 
“Independent Origins of Middle 
Ear Bones in Monotremes and 
Therians” 


T. H. Rich, J.A. Hopson, A. M. Musser, T. F. 
Flannery, P. Vickers-Rich 


Derived molar resemblances demonstrate that T. 
trusleri is a monotreme. All Teinolophos jaws, 
including holotype, possess a mandibular trough, 
which in basal mammaliaforms contains postden- 
tary bones homologous to mammalian ear bones. 
Teinolophos shows features expected in transi- 
tional forms losing contact of ear bones with the 
mandible and phylogenetic evidence supports 
independent freeing of the ear bones from the jaw 
in monotremes and therian mammals. 


Full text at 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 6 months or issues of 
general interest. They can be submitted 
through the Web|(www.submitdscience.org) or 
by regular mail (1200 New York Ave., NW, 
Washington, DC 20005, USA). Letters are not 
acknowledged upon receipt, nor are authors 
generally consulted before publication. 
Whether published in full or in part, letters are 
subject to editing for clarity and space. 
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SCIENCE AND RELIGION 


200 Years of Accommodation 


Alan Cutler 


an science and religion be recon- 
Hi ciled? That is a perennial question, 
and one I doubt will ever be defini- 


tively answered. After all, we first need to 
ask, which science? which religion? And 


pooned on the London stage as “Dr. 
Gimcrack.”) Through the early years of mod- 
ern science, the link with religion helped legit- 
imize the investigation of nature as a serious 
and worthwhile endeavor. 


even then the parties involved 
often can’t be neatly sorted into 
two contending camps. 

For the 17th-century founders 
of modern science—especially 
those in England such as Robert 
Boyle, John Ray, and Isaac 
Newton—the pertinent question 
was not whether science and reli- 
gion could be reconciled. It was 
whether science and atheism 
could be reconciled, and the 
answer seemed to be a definitive 
no. The theistic beliefs of Boyle 
and his contemporaries predicted 
a rational order beneath the 


apparent chaos of nature, and, lo, | 713313-8. 


Before Darwin 
Reconciling God 
and Nature 


Keith Thomson 


Yale University Press, 
New Haven, CT, 2005. 
328 pp. $27. ISBN 0- 
300-10793-5. 


The Watch 
on the Heath 
Science and Religion 
Before Darwin 


HarperCollins, London, 
2005. £20. ISBN 0-00- 


In Before Darwin: Recon- 
ciling God and Nature, Keith 
Thomson chronicles the chang- 
ing fortunes of natural theology 
from its first flowering in the 
work of John Ray to its fatal (or, 
depending on your point of view, 
near-fatal) encounter with 
Darwinian evolution. Thomson, 
an emeritus professor of natural 
history at the University of 
Oxford, focuses particularly on 
the work of English cleric 
William Paley. It is an apt choice 
not only because Paley’s book 
Natural Theology is generally 
considered the definitive work in 


that was what they found. We 
moderns cannot easily imagine the emotional 
and intellectual impact this must have had on 
these already religious men. At the sight of the 
intricate structure of an insect eye under his 
newfangled microscope, even the not espe- 
cially pious Robert Hooke was moved. 
Anyone stupid enough to think such things 
were “a production of chance,” he wrote, must 
be “extremely depraved” or “they did never 
attentively consider and contemplate the 
works of the Almighty” (/). 

Thanks to Charles Darwin, we now can 
explain biological complexity in terms of a 
theory that does, in fact, rely on a measure of 
chance. But before Darwin, no such explana- 
tion was available. That nature reflected divine 
wisdom seemed obvious, at least among those 
who attentively considered and contemplated 
it, and out of this idea came a hybrid of science 
and religion called “natural theology.” Natural 
theology is sometimes depicted as religion’s 
desperate attempt to cling to the coattails of 
science. Although that description may fit in 
some cases, a little perspective is in order. At 
the time when Hooke peered through his 
microscope, what we now call science had 
produced few if any tangible benefits to soci- 
ety. Its virtuosos were more often satirized 
than lionized. (Hooke was mercilessly lam- 


The reviewer is the author of The Seashell on the 
Mountaintop, a biography of Nicholas Steno. E-mail: 


ahcutler@aol.com 


the genre, but because of the 
book’s impact on one of its readers: the young 
Charles Darwin (2). 

Although Paley was no scientist, he was a 
skilled logician and a zealous compiler of bio- 
logical facts. He is most famous for the anal- 
ogy of the watch, which appeared in the intro- 
duction of his book. Suppose one happened to 
find a watch upon the ground, he wrote. Would 
not its intricate mechanism imply “that the 
watch must have had a maker...who compre- 
hended its construction, and designed its use”? 
Nature, so the argument went, is vastly more 
complex and perfect than any human con- 


BOOKS= 


trivance. (Hooke’s microscope had already 
revealed how pathetically crude even the 
finest needles were compared to the 
appendages of a common flea.) Reason leads 
us to the inevitable conclusion that nature must 
also have a maker, but one infinitely wiser and 
more skilled than a human watchmaker. In 
other words, not just a creator, but a Creator. 
This is the argument from design, which 
philosophers have generally found uncon- 
vincing. But if Darwin, who encountered 
Paley’s book as a student, was typical, most 
readers found the logic ironclad. “Natural 
Theology gave me as much delight as did 
Euclid,’ confessed Darwin in his autobiog- 
raphy. His enthusiasm was to fade, of 
course, with momentous consequences. 
What Paley saw as the biggest threat to his 
brand of natural theology, Thomson notes, 
were the atheistic theories of evolution 
bandied about by Erasmus Darwin (Charles’s 
grandfather) and other unorthodox thinkers. 
Paley’s dispute with them did not exactly con- 
stitute a clash between science and religion, 
because these mystical ideas were scarcely 
more scientific than Paley’s. And when 
Charles Darwin came up with a theory of evo- 
lution that did meet the standards of science, 
he probably borrowed as much from Paley as 
from previous evolutionists. Thomson argues 
persuasively that Darwin likely first encoun- 
tered Thomas Malthus’s grim statistics on 
population growth in Paley’s book. But where 
Paley saw the weeding out of unfit variants as 
a force of stability, Darwin saw it instead as a 
mechanism of evolutionary change. 
According to Thomson, it was principally 
Darwin’s theory that, by removing the neces- 
sity of a designer, doomed natural theology. In 
this sense, Before Darwin is a fairly conven- 
tional Darwin-versus-the-theologians account 


Jacopo Tintoretto's Creation of the Animals (c. 1550). 
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of the relationship between science and reli- 
gion. Bishop Samuel Wilberforce even makes 
his obligatory appearance to be smitten in 
debate by Thomas Henry Huxley. But 
Thomson shows that there is more to the story. 
Whereas most modern readers of Natural 
Theology probably don’t venture much beyond 
the opening pages and the watch metaphor, 
Thomson sifts through Paley’s entire argu- 
ment. In looking for purpose and design in 
every aspect of the world, even human misery 
and the worst social inequality, Paley pre- 
sented an image of God as a compassionless 
technocrat. Natural theologians had long been 
criticized for emphasizing God the Creator 
over God the Redeemer. Paley’s book nowhere 
mentions Jesus. When Darwin grieved over 


the death of his beloved daughter at the age of 
ten, Paley’s watchmaker God was cold com- 
fort at best. It was this, as much as any intellec- 
tual argument, that undermined Darwin’s 
Christian faith. Natural theology’s theology 
was ultimately as unsatisfying as its science. 

Thomson summarily dismisses the efforts 
of William Whewell and others to reconcile 
evolution and theology, stating flatly that 
“Although many tried, it was not possible to 
enlist natural selection on the side of the angels 
by construing it as the result of God-given nat- 
ural laws.” I wish the author had allowed 
Whewell, right or wrong, to say his piece. In a 
book subtitled “Reconciling God and Nature,” 
evolution’s friends across the aisle deserve the 
same consideration as its enemies. 


Thomson devotes only a few pages to the 
modern-day incarnation of natural theology, 
the intelligent design movement. This is 
enough. The answers to their arguments are 
basically the same as the answers to Paley’s. 
But that is what makes Before Darwin a 
timely book, as the perennial debates about 
science and religion go on and on. 
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MOVIES: NATURAL HISTORY 


Emperors on the Ice 


of the trade, it “moves uptown” from art theatres to the revenue- 

generating sites. March of the Penguins succeeds because it is 
beautifully photographed, because the birds are almost endearingly 
charming, and because the story has the kind of high drama we 
associate with mysteries—or perhaps extreme sports. 

What a relief to review a film the entire plot of which, right up to 
the ending, can be revealed without spoiling any surprises for the 
prospective viewer. The story narrator Morgan Freeman tells is this: 
Emperor penguins (Aptenodytes forsteri), the largest of the penguins, 
live in the Antarctic seas, where they find plenty of krill, their favored 
food. But there they also encounter nasty predators, like leopard seals 
(Hydrurga leptonyx). In addition, the thin ice on the margins of these 
cold seas is not a good place to breed and rear young. The adults of 
both sexes therefore make pilgrimages, walking distances of up to 
110 kilometers to interior sites on the ice, where they pair up and 
breed. About two months later, in the austral autumn, females pro- 
duce a large egg, which they then transfer to their partners in a deli- 
cate, well-practiced, feet-to- 
feet maneuver. The males 
then incubate the eggs in a 
protective feathered pouch 
while their mates make the 
return march to the sea. The 
females have invested heav- 
ily in their big eggs, and they 
are hungry and tired. But 
most of them reach the water 
and will feed for weeks to 
fatten up. Then it’s back to 
the breeding ground, where 
the males have endured winter storms, the French cinematographers 
have demonstrated that they are as tough as they are talented, and— 
voila!—most of the eggs have hatched. 

After some touching reunions, the elegance of this high-risk 
behavioral orchestration becomes clear. The females return just in 
time to feed the chicks. But in case there’s a slip, the half-starved male 
has a tiny emergency tank—a few drops of regurgitate to tide the 
chick over for a day or two. Now spring is imminent again, and 
growth is the name of the game. Watching feeding by regurgitation is 
not for everyone, but it helps one appreciate the metabolic marvel of 


| t is rare that a nature film becomes so popular that, in the terms 


how much nutrition a female emperor penguin can mobilize and 
deliver. The chicks get bigger and fuzzier, while the males march 
back to the sea to load up again. (Actually, although “march” makes 
a nice title for this film, the actual 
means of locomotion is waddle/belly 
flop/waddle, which might not sell as 
well.) At this point, the filmmaker 
introduces some drama: a lone south- 
ern giant petrel (Macronectes gigan- 
teus) appears and makes several 
passes at the big chicks. Although 
giant petrels are the principal predator 
of emperor chicks, this bird looked so 
overmatched that I didn’t quite get the feeling of incipient tragedy. 

But the film is so wonderful that caviling is out of place. The march 
of these magnificent birds is compelling, in its improbability and in its 
quality as spectacle. In terms of orderly, migrating legions of animals, 
the spectacle might remind us of the wildebeests (Connochaetes tau- 
rinus) of East Africa—but these Antarctic migrants are covering much 
of their journey on empty stomachs. For me the most fascinating part 
of the story is that over time scales ranging from millennia to millions 
of years, the climate of Antarctica has changed. The icy continent was 
once vegetated, and over the last few hundred thousand 
years there have been extensive shifts in the relation 
between ocean margins and the interior. Thus the pen- 
guins have had to modify their behavior to keep pace 
with changing topography. Indeed, just as the film ends 
the males return, well fed. And in a piece of exquisite 
timing, the ice margin has retreated to a point much 
closer to the breeding ground. So parents and young 
can take the shorter trip to sea together, and viewers get 
to witness the youngsters’ first dives. 

These birds have evolved a majestic stereotyped 
sequence of unlikely, high-risk behaviors that deals 
beautifully with current conditions. But conditions 
weren’t always as they now are, and what the film can only hint at 
is that the penguins’ march is improbable and strange precisely 
because it bears the imprint of its own evolutionary responses to 
changing conditions. 

By all means see March of the Penguins. Better still, you can 
accomplish a good work by inviting an advocate for “intelligent 
design” to accompany you. After the show, buy him or her a beer, and 
ask for an explanation of just what the Designer had in mind here. 

—DONALD KENNEDY 
10.1126/science.1118709 


March of the Penguins 
by Luc Jacquet 


Warner Independent Pictures, 
Burbank, CA, and National 
Geographic Feature Films, Wash- 
ington, DC, 2005. 80 minutes. 
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GLOBAL VOICES OF SCIENCE 


Deciphering Dengue: 
The Cuban Experience 


Maria G. Guzman 


had so reduced the incidence of such 

deadly diseases as smallpox, polio- 
myelitis, and acute rheumatic fever that the 
public health community was basking in a 
“comfort zone.” This comfort was shattered 
beginning in the 1980s with the emer- 
gence of new infectious diseases, among 
them HIV/AIDS, severe acute 


B: the 1960s, vaccines and antibiotics 


had approximately 10 million inhabitants 
and no more than 3000 physicians. Now a 
population of about 11 million is served by a 
health system that includes more than 70,000 
medical doctors. 

This buildup has been serving the popula- 
tion well. Poliomyelitis and malaria were 
eradicated in 1962 and 1967, respectively. In 

the 1970s, tetanus neonatorum 


respiratory syndrome (SARS), 
and avian flu, and the reemer- 
gence of diseases once consid- 
ered scourges of the past,* includ- 
ing West Nile fever and dengue, a 
devastating disease to which I 
have devoted much of my pro- 
fessional life. 

Factors involved in the emer- 
gence of infectious diseases are 


This yearlong 
essay series 
celebrates 125 
years of Science by 
inviting researchers 
from around the 
world to provide 
a regional view of 
the scientific 


(which afflicts newborns) and 
diphtheria became a worry of the 
past for Cubans. A national regi- 
men of 13 vaccines led, in the 
mid-1990s, to the elimination of 
measles, rubella, and mumps and 
to the control of tetanus, meningo- 
coccal disease, hepatitis B, lep- 
tospirosis, and other diseases. The 
rates of contracting meningococ- 


complex and interrelated. Epi- enterprise. cal disease and dying from it 
demiological evidence shows that Series editor, diminished by 93% and 98%, 
social and economic factors such Ivan Amato respectively, and the rate of hepati- 


as poverty, social exclusion, 


tis B infection has been cut by 97% 


health systems, environments, 
food security, water and sanitation, and educa- 
tion are of utmost importance.*? Public health 
infrastructure, including disease surveillance, 
disease prevention, communication, and 
financial support, are crucial for facing threats 
posed by emerging infectious disease. 
Almost 50 years ago, a small Caribbean 
country, the Republic of Cuba, embarked on 
a plan to accelerate development of its edu- 
cation, public health, and science sectors, a 
policy that has prepared the country for the 
new global context of emerging and return- 
ing diseases. At the end of the 1950s, Cuba 
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in children younger than 15 years 
of age. Although the incidence of tuberculo- 
sis is increasing worldwide, with some coun- 
tries having reported rates in recent years well 
above 100 cases per 100,000 inhabitants, 
Cuba has a low rate of 6.6 cases per 100,000 
inhabitants, and the cases that we do see are 
treatable. Deaths due to diarrhea were reduc- 
ed by more than 95%. 

In general, mortality from infectious and 
parasitic diseases in Cuba is only 6.5%, with 
most of the deaths due to influenza and 
pneumonia. According to the World Health 
Organization’s World Health Report, 1998, 


YEARS OF GLOBAL 


Science 


infectious 
and parasitic dis- 
eases caused one-third 
of all deaths in the world in 1997 and 43% 
of deaths in the developing world. The low 
rate in Cuba is possible because of the high 
educational and health levels of the country. 
The steady improvement of Cuba’s health 
system over the past half-century has been 
complemented by a buildup of the country’s 
scientific strength, particularly in the bio- 
medical sciences. At the beginning of the 
1960s, there were only four experimental sta- 
tions (all of them dedicated to the study and 
improvement of sugar cane) and three univer- 
sities, and illiteracy was widespread. Today, 
there are more than 700,000 graduates at 60 
universities, which are host to 220 science 
and technology centers. In 2003, these insti- 
tutions employed nearly 78,000 Cubans, 
almost two-thirds of them scientists and tech- 
nicians and 52% of them women. 


A Scientist Grows in Havana 
As a little girl, I found myself within this 
improving health system and educational 
infrastructure, and I grew up with the idea that 
I could become a scientist. Early on, I dreamed 
about studying astronomy. I was impressed by 
the planets that I could see in the sky, as well as 
the other worlds I couldn’t see. However, I was 
caught up in the rapid changes of Cuban soci- 
ety, particularly those related to the develop- 
ment of biomedicine. As a result, I shifted my 
studies toward medicine. 

After I received my medical degree from 
Havana University in 1975, I started working 
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as an investigator at the virology laboratory 
of the Centro Nacional de Investigaciones 
Cientificas (CNIC) in Havana. This scien- 
tific institution was founded in 1965 and it 
has been crucial for the development of 
Cuban science ever since. Many of the scien- 
tific leaders of the country’s main research 
centers—including the Centro de Ingenieria 
Genética y Bioteclogia (CIGB), Instituto 
Finlay (for vaccine development), Centro de 
Inmunoensayos (for the development of 
diagnosis technology), and Instituto de 
Medicina Tropical “Pedro Kouri” (IPK) (for 
the surveillance, research, and control of 
infectious and parasitic diseases)—were 
trained at CNIC. 

At CNIC, I honed my skills in research 
and analytic thinking and in 1980 I moved 
to the virology laboratory at IPK. There 
was no better place for a person who 
wanted to devote her efforts to fighting 
infectious diseases. 

In May 1981, my country was befallen 
with a public health crisis, one that would 
decide my professional future. The 
first epidemic of dengue hemor- 
rhagic fever/dengue shock syn- 
drome (DHF/DSS) anywhere 
in the Americas took hold in 
Cuba. DHF/DSS is the 
most lethal form of disease 
resulting from infection 
with the dengue virus (see 
the figure), a member of 
the viral family Flaviviridae 
that is transmitted from person 
to person via mosquitoes, mostly 
in the Tropics where these vectors 
thrive. Most people who get infected 
develop a fever and a rash, but recover in 
about 5 days. About | in 20 of those who 
develop a hemorrhagic form of the fever die, 
and of those who develop dengue shock syn- 
drome, 40% die.# 

Previously, only 60 DHF/DSS cases had 
been observed in the Americas. In the 1981 
epidemic in Cuba, more than 344,000 cases 
were reported, of which 10,000 were deemed 
severe and very severe. There were 158 fatali- 
ties. All but 57 of these were children, a chilling 
factor that only added to the national dread 
elicited by this epidemic. Once the first cases 
were detected, I found myself—despite my 
youth and inexperience—playing a crucial 
national role in the diagnosis of a severe viral 
disease that had been relatively unknown in 
Cuba or the region before. (Although a milder 
dengue epidemic had been reported in Cuba in 
1977-1978, I was not involved in the country’s 
scientific and medical response at that time.) 

Our serological and virological exami- 
nations quickly revealed that the 1981 out- 
break was due to the dengue 2 virus, one of 


1496 


the four serotypes known. In addition to 
studying the severe cases during the epi- 
demic, we developed protocols for diagnos- 
ing the disease, which can be confused with 
other infections, and we established disease 
surveillance methods. 

Even as Cuban health care workers were 
succeeding in checking the spread of the 
virus, using mosquito eradication and other 
techniques, a new phase in my scientific 
career was just beginning. Rather than leav- 
ing the dengue virus behind, I devoted my 
research to it. After all, this outbreak that I had 
just witnessed represented a globally signifi- 
cant turning point in the disease’s history. 


The Whole Dengue 
Among my first tasks were to clinically 
describe DHF/DSS in the adults who con- 
tracted the disease, define and confirm 
some risk factors for progressing to the 
more severe form of the disease, and con- 
duct a genetic study of the dengue 2 strain. 
I would later find this work to be helpful, 
during DHF/DSS epidemics in 
Cuba in 1997 (dengue 2) and 
2001-2002 (dengue 3). 


Dengue disease is 
considered one of the 
best contemporary exam- 
ples of the emergence or 
reemergence of a viral infec- 
tious disease. First described in 
1780 by the Philadelphia physician 
Benjamin Rush during an epidemic in his city 
at that time, many epidemics have been 
reported since then. Currently, the distribution 
of dengue is worldwide. Caused by any of the 
four dengue serotypes and mainly transmitted 
by the Aedes aegypti mosquito, the disease is 
observed in two main clinical forms: the mild 
disease called dengue fever (DF) and the 
severe syndrome, DHF/DSS. 

In the last 30 years, the incidence of the 
disease has been increasing. The first cases of 
DHF/DSS were reported in Southeast Asia 
and the Western Pacific (during the 1950s and 
the 1960s) and then later in the American 
region. Factors such as substandard housing, 
poor water supplies, and the spread of dengue 
viruses between populations have directly 
contributed to the reemergence of the disease. 

Soon after the clinical recognition of 
DHF/DSS, Scott. B. Halstead, then at the 
University of Hawaii’s School of Medicine, 
and others argued that those most at risk for 
developing this severe form of dengue dis- 
ease are those who already had been infected 


Bad ball. A computer portrait of the 
dengue virus indicates several types of 
protein constituents in the virus’s shell.4 


by one dengue serotype and then subse- 
quently become infected with a different 
serotype. Others proposed that viral virulence 
is the key risk factor.5| 

Following the 1981 outbreak in Cuba, I, 
along with Gustavo Kouri, my collaborator and 
husband (and son of the founder of IPK), and a 
group of distinguished scientists, including 
Susana Vasquaz, dedicated our work to uncov- 
ering risk factors for DHF/DSS. Our epidemi- 
ological, virological, and clinical investiga- 
tions have led to important new observations. 
For one thing, in studies of three well-defined 
DHF/DSS epidemics in Cuba—in 1981, 1997, 
and 2001—2002—we confirmed that second- 
ary infection was a significant factor in more 
than 97% of the severe cases. We made two 
other particularly important epidemiological 
observations that support the role of the sec- 
ondary infection. One of them was that no 
severe and fatal DHF/DSS cases were 
observed among 1- to 2-year-olds during the 
1981 epidemic. Because they were not born 
until after the first epidemic of DF caused by 
the dengue | virus in 1977, they could 
only have experienced a primary infection 
during the 1981 epidemic. We also found that 
no cases of DHF/DSS were 
observed among children during 
the 1997 and 2001-2002 epi- 
demics. These children were 
born in a period free of dengue 
transmission (1982—1996) and so also were 
only at risk ofa primary dengue infection. 

Another relevant finding, which our 
group reported in 2000, is the influence of 
the interval between dengue infections. In 
contrast with early epidemiological studies 
that predicted that DHF/DSS would ensue 
only if the primary and secondary infections 
occurred within an interval of 5 years, our 
studies have demonstrated a marked increase 
in severity with longer intervals between an 
initial dengue | and a secondary dengue 2 
infection. Supporting this result is our recent 
demonstration that certain lymphocytes, a 
type of immune cell, can retain a “memory” 
of a dengue infection that occurred 20 years 
earlier. These observations suggest that once 
an individual is infected by dengue | virus, 
that person could be susceptible to develop- 
ing the severe disease for decades. The mes- 
sage to vaccine developers is clear: A dengue 
vaccine needs to elicit long-lasting protec- 
tion against the four dengue serotypes, or 
else the vaccine itself could sensitize individ- 
uals who are subsequently infected to mount 
a severe immune response. 

In some of our other research into risk fac- 
tors for severe dengue, we have found that 
individuals with chronic diseases such as 
bronchial asthma, diabetes mellitus, and 
sickle cell anemia have a higher likelihood of 


2 SEPTEMBER 2005 VOL309 SCIENCE 


GLOBAL VOICES OF SCIENCE 


developing DHF/DSS. Age too is a risk fac- 
tor. We have demonstrated a much higher risk 
of developing the severe disease during a sec- 
ondary infection in infants and children as 
compared with adults. For children aged 3 to 
14 years with secondary infections, the death 
rate was 14.5-fold higher than in young adults 
aged 15 to 39 years (see the figure). 

Not many researchers have looked into how 
ethnicity and genetics relate to the risk of 
developing DHF/DSS. Our investigations into 
these issues have suggested that whites are at 
particular risk as compared with blacks. In my 
country’s three epidemics since the late 1970s, 
DHF/DSS was predominantly observed in 
whites. Currently, Beatriz Sierra and Gissel 
Garcia, two of our immunologists, are studying 
the genes that may predispose individuals to 
the development of DF and DHF/DSS. 

Meanwhile, others in our group are work- 
ing on biological and genetic characteriza- 
tions of the viruses that have been isolated in 
the Cuban dengue epidemics. With the help 
of Delfina Rosario and Rosmari Rodriguez 
Roche, we have demonstrated that viruses 
linked to DHF epidemics belong to an Asian 
genotype. Ina more detailed study of genetic 
changes in the dengue 2 virus during the 
1997 epidemic, we documented a pattern of 
sequence evolution in some genes, and a 
remarkable conservation both of genes cod- 
ing for structural proteins, as well as of the 
noncoding regions in the genome. We are 
currently trying to decipher the implications 
of these findings. 

In addition to the human and viral genes 
important in dengue infections, we are look- 
ing into the role of the humoral and cellular 
immune response in the development of 
DHF/DSS. With the collaboration of Ana B. 
Perez and Mayling Alvarez, two young 
researchers in our group, we have obtained 
preliminary data on the influence of hetero- 
typic neutralization—in which antibodies 
elicited against one dengue serotype can 
react also with another 
serotype—to mitigate the 
severity of the severe form 


dengue antibodies decline 
that could explain why sec- 
ondary infections often 


appear worse as more time 5 
passes since the primary 
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genesis of dengue. This observation provided 
the first “in vivo” evidence of a direct rela- 
tionship between secondary dengue infection 
and the development of a noninflammatory 
immune response, opening yet another new 
avenue of research. 

We have made several attempts to syn- 
thesize what is known about dengue patho- 
genesis into testable hypotheses about why 
some outbreaks lead to DHF/DSS epi- 
demics. In one of these, published in 1987, 
my husband and I integrated epidemiologi- 
cal factors (high vector density, high virus 
circulation, and a susceptible population at 
risk of a secondary dengue infection), host 
factors (age, gender, ethnicity, chronic dis- 
eases, preexistence of dengue antibodies, 
interval between infections, and genetics), 
and viral factors (serotype, strains, and 
genotypes) into one multifactorial analysis 
to facilitate the evaluation of the risk of a 
given population. 

More recently, I, my husband, and Scott 
Halstead—now working for the South 
Korea—based Pediatric Dengue Vaccine 
Initiative—published a hypothesis in an 
attempt to explain the significant monthly 
increases in severity during the Cuban 
dengue epidemics. Specifically, a signifi- 
cant increase in the proportion of DHF/DSS 
cases and in fatality rates for both DF and 
DHF/DSS was observed during the 1981 
and 1997 epidemics. In our “escape mutant” 
hypothesis, we conjecture that the occur- 
rence of heterotypic dengue neutralizing 
antibodies after a primary dengue | infec- 
tion later serves, during a subsequent infec- 
tion with dengue 2 virus, as a selection 
mechanism that favors “neutralizing-escape 
mutants” of the dengue 2 virus. This can 
bring on more severe sickness. 


Dengue to Come 
The world needs a dengue vaccine. Our 
group is now collaborating with CIGB ona 
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infections. Also, we demon- 
strated the association of 
increased levels of inter- 
leukin-10 in dengue patients 
with a secondary infection, 
suggesting an important role 
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Dengue’s ageism. In Cuban epidemics of dengue fever, the very 
young succumbed most readily to a severe form of the disease. 


project whose goal is to obtain a recombi- 
nant vaccine candidate to dengue viruses. 
With the collaboration of Mayra Mune, a 
molecular immunologist, for the first time 
we have evaluated in monkeys the useful- 
ness of a recombinant protein expressed in 
yeast Pichia pastoris. We observed a rise 
both in neutralizing antibodies against 
dengue and partial protection to challenges 
with the wild-type virus. Also, our prelimi- 
nary evaluations of a dengue protein frag- 
ment are showing promise in eliciting pro- 
tective immune responses in animals. 

Although dengue has dominated my 
research portfolio, I have been able to col- 
laborate with my colleagues in the study ofa 
number of the most medically important 
infectious diseases. As the national refer- 
ence center for viral diseases, our virology 
department at IPK is charged with the diag- 
nosis and surveillance of, and research into, 
hepatitis, measles, rubella, and mumps, as 
well as respiratory, enteroviral, and sexually 
transmitted diseases, among others. Current 
international events have obliged us to 
include in our portfolio new viral infections, 
such as West Nile fever, SARS, and avian 
flu, among others. 

Founded in 1937 by Pedro Kouri, the 
famous Cuban parasitologist, IPK now 
gathers in one place the main disciplines 
involved in the study of infectious and para- 
sitic diseases. In this setting that combines 
high scientific quality and collegiality, we 
have been able to assemble a multi- 
disciplinary group for dengue research that 
has recently been recognized as a new 
PAHO/WHO Collaborating Center for the 
Study of Dengue and Its Control. It is grati- 
fying to be able to share our insights and dis- 
coveries with others in what is becoming a 
global fight against this disease. 
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Beyond the Chimpanzee Genome: 
The Threat of Extinction 


Marc D. Hauser 


chimpanzees for many hours in their 

natural habitat in Africa and in a variety 
of zoo settings. They are magnificent ani- 
mals. Watching them is unlike watching 
any other nonhuman creature. When a 
chimp looks back at you, your soul has 
been penetrated. You feel as though your 
inquisitiveness has been volleyed back, no 
words or actions exchanged. 

The unveiling of the chimpanzee 
genome (/) presents a unique opportunity 
to systematically explore how and why we 
diverged from our closest living relatives. 
Perhaps, once and for all, we can begin to 
figure out the meaning of the tiny differ- 
ences in DNA between our respective 
species. Perhaps we will learn how 
small differences in the code of life 
enabled us—but not chimpanzees— 
to cook soufflés, create symphonies, 
translate our own voyages into maps, 
build ever more complicated artifacts, 
and write plays that reflect the social 
intricacies of our lives. But none of 
this will have any meaning unless we 
understand what it is like to be a chim- 
panzee. Humans are unique, and so 
too is every other species on this 
planet. But characterizations of 
uniqueness only make sense in light 
of a comparative record, one that docu- 
ments the anatomy, physiology, and behav- 
ior of other species. 

A map of the genome provides one layer 
of description. It is a meaningless layer 
without equally rich descriptions of how 
genes enable each species to make a living, 
escape predators, fend off competitors, 
build allies, and produce babies. In this 
sense, my greediness to understand extends 
beyond the chimpanzee genome to that of 
its closest genetic relative, the bonobo. 
Although remarkably similar on many lev- 
els, bonobos differ from chimpanzees— 
and resemble humans—in important parts 
of their skeletal anatomy, brain physiology, 
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Understanding our relatives. Jane Goodall observes a family of chimpanzees. 


sexual behavior, and temperament. In many 
ways we are “chimpobos,” a hybrid ape. 
Thanks to the pioneering work of Jane 
Goodall [see the figure; (2)] and the many 
primatologists who have enriched her work 
since, we now have a detailed description of 
chimpanzee life. The general public’s 
impression of this life is, however, highly 
colored by the documentaries presented on 
television. These focus on the brutality of 
their hunting and intercommunity killings, 
or on their exceptional talents with tools. 
But if you take a snapshot of chimpanzee 
life at a random moment, here’s what you 
see: eating, sleeping, or grooming. 
Watching a chimpanzee eat may not be 
the most exhilarating experience for even 


the most die-hard field biologist, but by 
documenting what these animals eat, when, 
how, and for how long, scientists have 
unlocked some extraordinary mysteries. 
When chimpanzees are infected with cer- 
tain pathogens, such as the nematodes that 
attack them in the Mahale Mountains of 
Tanzania, they consume plants that act as 
either chemical or physical defenses. For 
other ailments, including constipation, 
lethargy, and lack of hunger, they eat the 
bitter pith of a plant; this same plant is used 
across Africa as a local cure for humans 
infected with bilharzia and malaria. These 
discoveries, made possible by painstaking 
observations, have ignited an entire field of 
inquiry: searching for new remedies in the 
plant life that surrounds us (3). 

Detailed observations of their eating 
habits also reveal an exceptionally diverse 
tool technology (4). On the basis of studies 


spanning the natural range of chimpanzees 
in eastern and western Africa, we now know 
that different populations use different tools 
to gain access to their local resources. Some 
use sticks to extract termites, others use 
rocks to crack open hard nuts, and yet oth- 
ers use tree bark as sandals to climb over the 
thorny needles of trees that hold a delec- 
table fruit. The variation among popula- 
tions is not due to genes, but rather to the 
capacity for social learning that the genes 
have built. What we see when we watch a 
chimpanzee population is a microculture— 
one that has developed its own unique sig- 
nature, evidenced by distinctive tool tech- 
nologies and, in many cases, equally dis- 
tinctive social gestures (5). 

When chimpanzees eat, sometimes they 
do so in the midst of several other commu- 
nity members, and sometimes they do so 
alone. Here, sex differences emerge. Males 
live in their natal groups for life, whereas 
females leave once they reach reproductive 
maturity. When you watch chimpanzees in 
the wild, it is not uncommon to find an adult 
female, either alone or with her offspring. 
Seeing a male alone is rare. Many of the 
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males in a community are brothers. They 
hunt together, cooperate to form alliances 
against other members of the community, 
and often go off on patrols to defend their 
turf against often violent neighbors. Like 
our own species, but unlike their close rela- 
tive the bonobo, chimpanzee males are 
extremely aggressive toward their neigh- 
bors. If members of one community have 
outnumbered a foe, they will attack and kill 
a member of another community who has 
wandered too far from home (6, 7); some of 
the calculations used in making such group 
decisions may be carried out with the 
chimps’ exquisite mathematical prowess (5, 
8). Watching such kills is chilling. It is too 
close for comfort. 

When chimpanzees cluster into social 
groups, the political strategizing that goes 
on reflects planning, power, and peace 
offerings (9). Studies in the wild and in cap- 
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tivity, especially the latter, have revealed 
that individuals both compete and cooper- 
ate by making inferences about what others 
know and intend (/0, //). These studies 
have revolutionized our understanding of 
what chimpanzees think and feel, raising 
profound philosophical questions about the 
nature of thought without language, as well 
as ethical questions concerning the rights 
and welfare of these animals (/2). 
Constraining our continued understand- 
ing of this wonderful animal is one annoying 
hurdle: our own species. In the very near 
future, we may ironically face the possibility 
of having a detailed map of the chimpanzee 
genome, but no individuals to study. Illegal 
hunting, the bushmeat trade, and deforesta- 


GENOMICS 


tion are destroying chimpanzee populations 

see, for example, ww.chimpeollabora- 
aT If the same amount of effort that is 
going into genetic analyses went into chim- 
panzee conservation and behavioral biology, 
not only would we save this species from 
extinction, but we would write the most 
detailed story of our past—as rich as the 
Bible, but grounded in science. 
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Thoughts on the Future 
of Great Ape Research 


Edwin H. McConkey and Ajit Varki 


hen the Human Genome Project 
Ws established in 1991, the plan- 

ners wisely included sequencing 
the genomes of model organisms in the pro- 
ject’s goals. At that time, the only nonhu- 
man mammalian genome scheduled for 
sequencing was that of the laboratory 
mouse. Although the relevance of the 
mouse genome for interpreting the human 
sequence was beyond dispute, some biolo- 
gists were disappointed that no nonhuman 
primate genome had been included. The 
remarkable similarity of the chimpanzee 
genome to that of humans was already pre- 
dicted from overall DNA comparisons, and 
it seemed clear that questions about the 
genetic basis for human uniqueness would 
eventually require detailed comparisons 
with the genomes of great apes (/), our 
closest evolutionary relatives. A formal 
presentation of the need for sequencing the 
chimpanzee genome was published in 1997 
(2). Soon thereafter it was pointed out (3) 
that there should also be a project to 
increase our knowledge of the great ape 
“phenome” (the complete body of informa- 
tion about an organism’s phenotype under 
various environmental conditions), about 
which very little is known. Scientists from a 
variety of disciplines rallied in support of 
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sequencing the chimpanzee genome, also 
citing biomedical reasons and the potential 
importance for proper care and conserva- 
tion of great apes (4, 5). 

We now have a draft sequence of the 
common chimpanzee genome (Pan 
troglodytes) and a detailed comparison 
with the human genome (6). The results 
include extensive information on compar- 
ative genomics, such as the number of sin- 
gle base pair and insertion/deletion differ- 
ences and transposable elements unique 
to either human or chimpanzee. The 
report clarifies much previously conflict- 
ing or confusing information in existing 
human nucleotide sequence databanks and 
addresses several important questions 
about genomic and population evolution 
mechanisms. It also adopts a rational 
orthologous chromosomal numbering sys- 
tem to facilitate comparisons of human and 
ape genomic organization (7). 

Can we now provide a DNA-based 
answer to the fascinating and fundamental 
question, “What makes us human?” Not at 
all! Comparison of the human and chim- 
panzee genomes has not yet offered any 
major insights into the genetic elements that 
underlie bipedal locomotion, a big brain, lin- 
guistic abilities, elaborated abstract thought, 
or any other unique aspect of the human phe- 
nome. This state of affairs may seem disap- 
pointing, but it is merely the latest example 
of a generalization that genomics research 
has already established—interpretation of 
DNA sequences requires functional infor- 
mation from the organism that cannot be 
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deduced from sequence alone. Functional 
genomics investigations must determine 
where a gene is expressed within an organ- 
ism, when it is expressed during develop- 
ment and life history, and what the level of 
expression is at various times. Furthermore, 
these data must be integrated with informa- 
tion about the related phenotypes, as well as 
critical environmental influences under 
which the genotype generates the phenotype 
(see the figure). 

There are three general reasons for sub- 
stantially increasing research on chim- 
panzees (and the other great apes—bono- 
bos, gorillas, and orangutans): First, to 
understand the contribution of genomic 
DNA to human and great ape evolution; 
second, to improve our understanding of 
human and ape phenomes (at all levels, 
from molecular to behavioral to states of 
diseases); and third, to help preserve popu- 
lations of these important human relatives. 
These goals must be pursued in the face of 
challenging ethical issues that still need to 
be resolved by open debate. 

Understanding the genetic basis of 
uniquely human traits will require increas- 
ing the accuracy and completeness of the 
currently available chimpanzee genome 
sequence, as well as sequencing other pri- 
mate genomes as out-groups. The genomes 
of the orangutan and the rhesus macaque 
are currently being sequenced, but other 
genomes are needed to obtain a complete 
picture. Among other benefits, such multi- 
species comparisons are essential for iden- 
tifying human-specific coding and regula- 
tory regions. 

A parallel requirement is the compari- 
son of human gene expression with those 
of chimpanzees and other primates. There 
are formidable obstacles to achieving this 
goal, the most obvious of which is obtain- 
ing experimental material from great apes. 
It is not ethically acceptable to sacrifice a 
great ape simply to obtain tissue samples. 
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Studies of great apes should follow guide- 
lines generally similar to those for research 
on human subjects. Thus, there is a need 
for new funding to support development of 
a network among current holders of cap- 
tive great apes (including primate facili- 
ties, great ape sanctuaries, and zoos) to 
guarantee that tissue samples can be 
obtained quickly from each great ape that 
dies of natural causes, or has to be eutha- 
nized because of incurable 
suffering. Autopsy samples 
need to be preserved for his- 
tological analysis and used as 
source materials for studies 
of gene expression and 
cDNA libraries. Such sam- 
ples can also be used for a 
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wide variety of other “omic 
comparisons (including pro- 
teomics, glycomics, and 
lipomics). Because every tis- F 
P ) y Chimpanzee Human 


sue is made up of multiple 
cell types, such approaches 
can still miss important dif- 
ferences in minor cell types. 
Thus, parallel histological 
comparisons must occur, 
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such studies will require much thought, 
patience, and long-term funding. 
Embryonic stem cell cultures from 
humans are a subject of intense interest. 
Although creation of stem cell lines from 
ape embryos will be just as difficult techni- 
cally, it represents a feasible experimental 
approach that causes no lasting harm to the 
animals from which gametes are obtained 
for in vitro fertilization. As technical 
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The second reason for expanding 
research on chimpanzees and other apes is 
the lack of information on their phenotypes 
(3). The utility of the human genome has 
been greatly aided by our vast knowledge of 
the human phenome in areas ranging from 
anatomy to cognitive function. In contrast, 
our knowledge of the great ape phenome is 
inadequate, except in a few arenas such as 
behavior and ecology. Worse, extant infor- 
mation on great apes is in many scattered 
sources spanning the last century, and some 
accepted “‘facts” actually represent folklore 
derived from misinterpretations or assump- 
tions made in popular science literature. 
Thus, there is no easy way to reliably ascer- 
tain all the known and unknown differences 
between humans and great apes. One possi- 
bility (10) is to develop a Web-based 
“Museum of Comparative Anthropogeny” 
that would catalog information about 
human-specific differences from great apes 
that is scattered throughout the literature. 
Having a centralized resource of such infor- 
mation could lead to new conceptual 
insights and multidisciplinary interactions 
and also point to ethically acceptable stud- 
ies that would help to explain human-ape 


using multiple probes to 

detect differences. 
Examination of adult tis- 

sues, however, will still not 


differences. Regardless, interpreting the 
results of functional genomics studies will 
require more information about ape phe- 
nomes. Thus, there should be substantially 


What makes us human? This question may be answered by compar- 
ison of human and chimpanzee genomes and phenomes, and ulti- 
mately those of other primates. To this end, we need to understand 
how genotype generates phenotype, and how this process is influ- 
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allow us to understand gene 
expression and its conse- 
quences during development, which may 
well be the time when many of the crucial 
differences between humans and the great 
apes are expressed. This concept was sug- 
gested decades ago by King and Wilson (8), 
and studies since then have given us no rea- 
son to reject that hypothesis. Analysis of 
gene expression during prenatal develop- 
ment can be approached with three experi- 
mental strategies: transgenesis, stem cells, 
and direct study of developmental samples. 

Transfer of human genes into mice has 
been fundamental to the analysis of human 
gene function. Comparative analysis of 
human and chimpanzee orthologous genes 
in transgenic mice is now certain to be pur- 
sued. Of course, there are limits to what 
one can deduce about the phenotypic 
effects of human or ape genes in mice. This 
is particularly true for the brain, skin, 
innate immune system, and reproductive 
system, wherein primates have undergone 
considerable functional divergence from 
rodents. However, ethical, fiscal, and prac- 
tical considerations will make the idea of 
transgenic apes moot. Thus, we should 
expect that the need for transgenic mon- 
keys will arise, and deciding on the ideal 
model for such experiments will not be 
easy. Given ethical and practical issues and 
the longer generation-time of monkeys, 


enced by the physical, biological, and cultural environment. 


progress is made with human stem cells, 
this knowledge can be applied to chim- 
panzee stem cells, providing a major source 
of information on gene expression in sev- 
eral embryonic and differentiated cell types, 
during various stages of in vitro develop- 
ment. If current approaches to tissue and 
organ engineering with human stem cells 
are successful, parallel studies of chim- 
panzee equivalents could provide further 
resources to study expression of genes and 
gene products and contribute to treatment 
of great ape diseases in the future. 
Material for direct analysis of gene 
expression during embryonic development 
can, in principle, be obtained by controlled 
breeding and surgical termination of preg- 
nancies. This approach is already well 
established for monkeys such as the rhesus 
macaque. A thorough study of gene expres- 
sion during monkey embryonic develop- 
ment would be expensive, but it should be 
undertaken (9), perhaps only after studies of 
transgenic mice and chimpanzee stem cells 
have defined critical experimental ques- 
tions that cannot be otherwise answered. We 
do not envision this being done with great 
apes because of ethical and practical con- 
siderations. As with humans, however, great 
ape samples may become available in the 
course of birth control or medical care. 


increased funding for studies on great ape 
anatomy, physiology, biochemistry, neuro- 
biology, cognitive functions, behavior, and 
ecology. All such research should be done 
following ethical principles like those cur- 
rently used in human studies. Much can also 
be learned in the course of providing out- 
standing medical care, as has been the case 
for humans. Increased knowledge about ape 
phenomes will likely be helpful for under- 
standing some human diseases (5). 

The third reason for expanding research 
on chimpanzees and other great apes is that 
the more we know about these species, the 
better we can care for them. This will be par- 
ticularly important for captive apes, but 
could also have an impact on maintaining 
healthy wild populations (for example, by 
vaccinating them against human diseases). In 
this regard, making practical use of all the 
functional and behavioral knowledge arising 
from such research will require a significant 
increase in financial support for the optimal 
maintenance of captive great apes, and to 
facilitate survival of currently endangered 
wild populations. One way to coordinate 
funding for ape research and care is to create 
a Great Ape Conservation Trust that would 
receive 10% of all grant funds awarded by 
government agencies for research on ape 
genomes, phenomes, or behavior. The Trust 
could be administered by an agency that does 
not award research grants; instead, it would 
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award grants only for the support of captive 
animals and the conservation of wild popula- 
tions. The agency that administers the Trust 
could be either a governmental or non- 
governmental group that already exists, or a 
new organization with representatives from 
various interest groups, particularly those 
with firsthand knowledge about conserva- 
tion issues. The Trust could also be author- 
ized to solicit and receive funds from non- 
governmental sources. 

With the sequencing of the chimpanzee 
genome, we have now reached the end of 
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the beginning, and can start down the long 
road toward fully understanding our rela- 
tionships to these closest evolutionary 
cousins. If the road is taken with intellectual 
and ethical care, there is much to gain, for 
both them and us. 
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Manipulating Magnetism 
in a Single Molecule 


Michael F. Crommie 


he size of magnetic 

T eee that can be 
manipulated in con- 
densed-matter environments 
has decreased over the last 
50 years, from bulk ferro- 
magnets to thin films, 
nanocrystals, clusters, and 
now to single atoms and 
molecules (/—7). The single- 
atom or single-molecule 
regime is especially interest- 
ing because magnetism 
arises in this case from very 
few unpaired electronic 
spins and is thus quantum 
mechanical in nature. This 
property opens new oppor- 
tunities that range from 
basic quantum impurity 
studies to quantum informa- 
tion and spintronics applica- 
tions (8). Molecular sys- 
tems, in particular, provide a 
useful means for “packag- 
ing” quantum spin centers, because mole- 
cules are structurally and electronically 
very flexible (7). This is readily seen in the 
work of Zhao et al. (9) on page 1542 of this 
issue. They show that it is possible to tune 
the spin behavior of a magnetic cobalt ion 
trapped within a single molecule by prun- 
ing the ligands of the molecule with the tip 
of a scanning tunneling microscope (STM). 
Zhao et al. observed this behavior by 
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Molecular magnetic surgery. (Top) An STM tip is used to snip hydrogen atoms 
from a single cobalt phthalocyanine molecule lying on a gold surface. (Bottom) 
The trimmed molecule protrudes from the surface and is surrounded by a cloud of 
electrons that represent the Kondo screening cloud about the cobalt ion spin. 


tunneling electrons from the tip of an STM 
into a single cobalt phthalocyanine (CoPc) 
molecule sitting on a gold surface, thereby 
performing a type of local electron spec- 
troscopy. For pristine CoPc molecules they 
observed the d-orbital of the inner cobalt ion 
to be an energetically broad resonance lying 
below the Fermi energy (£p, the energy of 
the highest occupied electronic level). After 
plucking hydrogen atoms from the periph- 
ery of the molecule with their STM, how- 
ever, the broad d-resonance was replaced by 
a much narrower resonance pinned at Ep, 
indicating a change in the magnetic nature 
of the molecule (see the figure). 
Monitoring the d-orbital of a magnetic 


nanostructure in this way allows one to 
study its magnetic properties. This is 
because magnetism in transition-metal ions 
(like the cobalt ion in CoPc) arises from 
unpaired spins residing in d-orbitals. When 
a single cobalt atom or cobalt-carrying mol- 
ecule contacts a metal surface, the d-orbital 
hybridizes with the continuum states of the 
surface and broadens energet- 
ically into a resonance. If the 
resonance shifts below Ep, 
then electrons are transferred 
to the d-level, whereas if the 
resonance shifts above Ey, 
then charge is pulled out of it. 
The magnetic moment of the 
ion depends on how the d- 
orbital is filled with elec- 
trons, but the precise filling is 
difficult to determine when 
only a limited energy range is 
experimentally accessible. 
This is where a subtle phe- 
nomenon known as the 
Kondo effect proves useful. 
The Kondo effect (/0) de- 
scribes the process by which 
electrons from a surrounding 
substrate magnetically screen 
the spin of a magnetic ion. 
This effect is driven by an 
interaction between the local- 
ized spin of the ion and the 
itinerant spins of the sub- 
strate, and induces the magnetic ion to 
effectively “capture” an electron spin from 
the substrate and loosely bind it in a net- 
zero-spin configuration (that is, the two 
spins cancel). The signature of the new 
bound state is a narrow resonance (the 
Kondo resonance) that appears at Ey and 
whose width (the Kondo temperature) gives 
a measure of the captured spin’s binding 
energy (/0). Historically, this effect has 
been observed in bulk materials containing 
magnetic impurities because a change in 
the density of states at Ep can significantly 
affect bulk properties such as magnetiza- 
tion, specific heat, and conductivity. More 
recently, the Kondo effect has been 
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observed by STM for single atoms at sur- 
faces in various configurations (2-6). Such 
Kondo physics play a role whenever local- 
ized spins interact with conduction elec- 
trons (J/, 12). 

In their work with CoPc, Zhao et al. 
interpret the onset of the narrow resonance 
at E, for their pruned (that is, dehydro- 
genated) molecules as a sign of the Kondo 
effect, and thus proof that the dehydro- 
genated molecules have a well-defined mag- 
netic moment. This is in contrast to their 
pristine CoPc molecules, which show no 
Kondo resonance and are believed to be non- 
magnetic. This central result is interesting 
because it demonstrates an ability to change 
the magnetic state of a molecule by directly 
modifying its structure via single-molecule 
manipulation. Mechanical (/3) and elec- 
tronic (/4) properties of individual mole- 
cules have been manipulated previously, but 
the modification of single-molecule spin 
properties by Zhao et al. takes such manipu- 
lations to a new level. Their results are also 
somewhat surprising because they observe a 
Kondo temperature for the dehydrogenated 
molecule that is even higher than the Kondo 
temperature observed previously for bare 
cobalt atoms sitting on a similar substrate 
(2). Typically the Kondo temperature 
increases when an ion is more strongly con- 
tacted to a substrate (that is, more strongly 


electronically screened and/or hybridized 
with the substrate’s continuum states). The 
results imply that the modified phthalocya- 
nine molecular cage connects the interior 
cobalt atom more strongly to substrate elec- 
trons than if the atom were sitting on the sub- 
strate unadorned. 

This counterintuitive result highlights 
how STM single-molecule studies help us to 
understand how molecules might be used to 
connect the electrodes of future electronic 
and spintronic devices. Currently, one of the 
greatest questions in molecular electronics 
is what happens at the contact between a 
molecule and a metal electrode. Many inter- 
esting effects have been observed in molec- 
ular transport experiments, including the 
Kondo effect (/5—/7), but the microscopic 
basis of much of this behavior remains a 
mystery. Experiments such as that reported 
by Zhao et al. form a beautiful complement 
to transport measurements because they 
provide direct microscopic evidence of how 
specific, well-characterized molecular con- 
tact configurations lead to different elec- 
tronic and spin behaviors. 

There are many exciting future possibil- 
ities in this area, including the exploration 
of other classes of magnetic molecules that 
show different spin behaviors. One example 
is molecules having high magnetic 
anisotropy energy [“single molecule mag- 


nets” (7)]. These molecules exhibit well- 
defined spin-up and spin-down states and 
have been suggested for numerous applica- 
tions ranging from quantum information 
processing to data storage (7). Controlling 
spin at the single-molecule scale in these 
and related systems promises a new level of 
control in magnetic nanostructures. 
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Reduced Turbulence and 
New Opportunities for Fusion 


Karl Krushelnick and Steve Cowley 


energy source of the future—since its 

fuel supply (deuterium and lithium) is 
virtually limitless and the environmental 
impact is minimal. However, although 
fusion is a spectac- 


ularly successful 
Cee nae ne siok 
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content/Tull/309/5 7/40/1502 the Sun, the practi- 


calities of producing useful amounts of 
fusion energy in a laboratory on Earth are 
technically challenging—primarily 
because of the difficulty of confining a 
plasma (an ionized gas) heated to the hun- 
dred million degree Celsius temperatures 
necessary to induce nuclear fusion reac- 
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tions. Recent findings about plasma behav- 
ior in such conditions, however, have led to 
new hope that the control of fusion plasmas 
may become much easier. 

The use of magnetic “bottles” to confine 
thermonuclear plasmas for fusion has been 
an active area of research since 1946 when 
Thomson and Blackman obtained a British 
patent for this concept (/). Enormous 
progress has been made since that time. The 
critical parameter, termed the energy con- 
finement time, measures the time taken for 
the plasma energy to leak out of the mag- 
netic bottle. In a fusion reactor this energy 
must be replaced by heat produced in the 
fusion reactions. The energy confinement 
time achieved in experiments has increased 
by six orders of magnitude since the 1960s. 
Today scientists are confining plasmas with 
temperatures around a hundred million 
degrees Celsius for many seconds in a 
toroidal (donut-shaped) magnetic field 


configuration called a tokamak. Despite 
such progress, the theoretical understand- 
ing of the physical causes of the leakage— 
so-called anomalous transport—is incom- 
plete, and experimental techniques to 
reduce it are still being developed. 

In an idealized situation, the motion of 
charged particles in a strong magnetic field 
is restricted to a tight spiral around the field 
lines. In a plasma, these particles will 
escape in the direction perpendicular to the 
field lines via a random walk as a result of 
infrequent collisions with one another (with 
the step size being the radius of the spiral). 
However, such “classical” diffusion of par- 
ticles and thermal energy across magnetic 
fields lines should be about a thousand 
times slower than that actually observed in 
experiments. Indeed, if plasma confine- 
ment were as efficient as classical theory 
suggests, it is likely that fusion power sta- 
tions would now dot the landscape and cli- 
mate change would not be a particularly 
important issue. 

Consequently, the experimentally 
observed diffusion rate was famously 
termed “anomalous transport” due to the 
lack of understanding of the physics behind 
this effect. Anomalous transport is a ubiqui- 
tous phenomenon in astrophysical, geo- 
physical, and laboratory plasmas since it 
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turns out that plasmas are not quiescent or 
classical at all, but are always quivering 
with small-scale fluctuations in all of their 
parameters—density, temperature, and 
even the local microscopic magnetic and 
electric fields. It was clear by the late 1970s 
that these turbulent fluctuations in a toka- 
mak were driven by the high-pressure 
plasma in the center expanding into the low- 
pressure outer regions. The fluctuating, tur- 
bulent, electric and magnetic fields move 
the particles across the mean field in con- 
vective eddylike motions—much more 
quickly than classical diffusion. The trans- 
port of heat and particles across the field is 
effectively a random walk with an enhanced 
step length and short correlation time. The 
density fluctuations in a computer simula- 


has been observed to be substantially 
reduced, cannot yet be accurately predicted 
by the codes. 

The first such observation occurred in 
1982 at the ASDEX experiment at the Max- 
Planck Institute for Plasma Physics near 
Munich, Germany—where the so-called H- 
mode (or high-confinement mode) for toka- 
mak operation was discovered (9). It was 
found that when the heat leaking out of the 
plasma reached a critical threshold, a radial 
electric field, a plasma velocity gradient, 
and a steep pressure gradient spontaneously 
arose at the edge of the plasma. This led to a 
dramatic enhancement of the confinement 
time and was presumed to be the result of a 
reduction in turbulent transport at the edge. 
This was consequently termed an “edge 


A new twist. Gyro-kinetic simulation of plasma density fluctuations in a shaped tokamak. Image 
shows a cut-away view of the density fluctuations (red/blue colors indicate positive/negative 
fluctuations). The blue halo is the last closed magnetic flux surface in the simulated tokamak. 


tion of a tokamak can be seen in the figure. 
The eddies are characteristically elongated 
along the field lines and have small-scale 
lengths perpendicular to the field. 

The complexity of this turbulence is 
immense. For example, the shape of the 
magnetic bottle, the profiles of plasma den- 
sity and temperature within the bottle, and 
the microscopic dynamics of both ions and 
electrons all play critical roles (2-4). 
Furthermore, the turbulence can exist on 
many different spatial scales simultane- 
ously. Indeed, it is also possible that turbu- 
lence excited in one region of the plasma 
can produce transport in another. A con- 
certed effort to measure, understand, and 
model the turbulence has brought signifi- 
cant results in recent years. One of the most 
important is the development of sophisti- 
cated computational models (5—8)—the 
figure, for example, was produced with 
such a model. These models make quantita- 
tively accurate predictions in many situa- 
tions. However, some of the most exciting 
experimental results, in which turbulence 


transport barrier,’ which kept plasma parti- 
cles and thermal energy from escaping to 
the material walls of the device. It was sur- 
prising and gratifying to the researchers 
that—almost by itself—the plasma had 
found a way to reduce the turbulence, if 
only in a small region of the plasma. 

It was subsequently discovered, in the 
1990s, that such transport barriers do not 
only exist at the edge of the plasma, but can 
also be produced in the interior regions of 
the plasma (so-called internal transport bar- 
riers, ITBs) (/0). These transport barriers in 
the core can be induced by rapid localized 
changes to the “twist” of the magnetic 
fields of the tokamak (reversed magnetic 
shear) or to the plasma drift velocity (veloc- 
ity shear). ITBs have enabled access to 
enhanced performance regimes of these 
tokamaks and have generated much excite- 
ment throughout the research community. 
However, precise measurements of the 
reduction of turbulence in one of these ITBs 
near the core region has been very difficult. 
In fact, only recently have experimental 
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techniques been developed to determine 
which components of the turbulence are 
being suppressed within a transport barrier. 

New measurements at the JT-60U toka- 
mak in Japan by a team led by Nazikian from 
the Princeton Plasma Physics Laboratory 
have used microwave reflectometry to deter- 
mine that the density correlation length of 
the plasma fluctuations is reduced substan- 
tially during the establishment of an internal 
transport barrier—from about 20 cm to 4 
mm-—and that this corresponds to a reduc- 
tion in turbulence (//). The radius of the 
plasma is about 1 m in JT-60U. 

The recent discoveries about turbulence 
and control of turbulent transport through 
transport barriers and progress in both 
experimental measurements and improved 
(predictive) simulation capabilities are now 
leading to renewed optimism for fusion as 
an energy source and confidence that new 
designs for fusion experiments will indeed 
work. However, the large-scale “reactor-rel- 
evant” experiments in which many of these 
discoveries were made—the Joint European 
Torus (JET) in the United Kingdom, JT- 
60U in Japan, and the Tokamak Fusion Test 
Reactor (TFTR) in the United States—were 
constructed more than 20 years ago. The 
next critical step in fusion research is the 
International Thermonuclear Experimental 
Reactor (ITER), a US$5 billion project, 
which is planned to be operational in 2015 
in Cadarache, France (/2—/6). Edge trans- 
port barriers are key to ITER achieving a 
“burning” fusion plasma. Advanced opera- 
tional regimes using internal transport bar- 
riers are also planned for ITER. 

Such experiments may enable fusion 
power to be economical sooner than anyone 
has previously thought. For the past 40 
years, some have criticized the fusion com- 
munity for perpetually claiming to be only 
30 years away from realizing success. As of 
today, fusion power may be much closer 
than that. 
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In the Forests of 
RNA Dark Matter 


or a long time, RNA has lived in the shadow of its more famous chemical cousin DNA and of the proteins that 
supposedly took over RNA’s functions in the transition from the “RNA world” to the modern one. The shadow 
cast has been so deep that a whole universe (or so it seems) of RNA—predominantly of the noncoding 


variety—has remained hidden from view, until recently. 


Nor is RNA quite so inert or structurally constrained as its cousin; its conformational versatility and 

catalytic abilities have been implicated at the very core of protein synthesis and possibly of RNA splicing. 

Noller discusses how the basic building block of RNA—the double helix—has been fashioned into the intricate 
“protein-like” three-dimensional surfaces of the ribosome. A further parallel between RNA and protein is revealed in the 
structure of an RNA group I self-splicing intron, which uses an arrangement of two metal ions for phosphoryl transfer 
much like that seen in many protein enzymes (p. 1587). Another group [-like intron catalyzes the formation ofa tiny RNA 
lariat, a reaction strikingly similar to one seen in group II introns and spliceosomal introns and . This 
unusual lariat, at the very 5' end of the resultant mRNA, is suggested to help protect the mRNA from degradation. The 


dynamics of the RNA messages passed between nucleus and cytoplasm provide a 
complex and sophisticated layer of regulation to gene expression, covered by Moore 
6.1514), who describes the teams of proteins that escort and regulate mRNA throughout 
the various stages of its life (and death). Death for many 
mRNAs occurs in cytoplasmic foci called P-bodies, which can 
also act as temporary storage depots for nontranslating mRNAs 
(see the Science Express Report by M. Brengues ef al.). 

Small noncoding microRNAs (miRNAs) have been found 
in such abundance that they have been christened the “dark 
matter’ of the cell, a view reinforced by an analysis of the 
small RNAs found in Arabidopsis and iso. The 
role of miRNAs and of their close cousins small interfering 


RNAs (siRNAs) in RNA silencing is discussed by Zamore 
and Haley (ip. 1519), and illustrated in the poster pullout in 


this issue and in research showing that miRNAs can repress 
the initiation of translation (p. 1573) and, intriguingly, can also 
increase MRNA abundance (p. 1577). [See also this week’s 
online Science of Aging Knowledge Environment (SAGE KE) 
and Signal Transduction Knowledge Environment (STKE)]. 
The phrase “dark matter” could well be ascribed to noncoding 
RNA in general. The discovery that much of the mammalian 
genome is transcribed, in some places without gaps (so-called 
transcriptional “forests”), shines a bright light on this embarrassing plentitude: 
an order of magnitude more transcripts than genes and{1529). Many 
of these noncoding RNAs are conserved across species, yet their functions 
(if any) are largely unknown: A cell-based screen shows one, NRON, to be a regulator 
of the transcription factor NFAT (p. 1570). Of course, in some cases it is the act of 
transcription that is the regulatory event, as in the case of the transcriptional regulation 
of recombination Finally, even the coding and base-paring capacity of RNA 
can be altered—by RNA editing, in which bases in the RNA are changed on the fly. 
Analysis of editing enzymes reveals that the cell-signaling molecule IP, is 
required for their editing activity. 

—Guy RIDDIHOUGH 
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REVIEW 


RNA Structure: Reading the Ribosome 


Harry F. Noller 


The crystal structures of the ribosome and its subunits have increased the amount 
of information about RNA structure by about two orders of magnitude. This is 
leading to an understanding of the principles of RNA folding and of the molecular 
interactions that underlie the functional capabilities of the ribosome and other RNA 
systems. Nearly all of the possible types of RNA tertiary interactions have been 
found in ribosomal RNA. One of these, an abundant tertiary structural motif called 
the A-minor interaction, has been shown to participate in both aminoacyl-transfer 
RNA selection and in peptidyl transferase; it may also play an important role in the 


structural dynamics of the ribosome. 


As awareness of the biological importance of 
RNA continues to unfold, the ways in which the 
structural properties of RNA enable its functional 
capabilities are becoming all the more interesting. 
For more than 20 years, our understanding of 
RNA structure was based almost entirely on the 
x-ray crystal structure of the 25-kD transfer RNA 
(tRNA), which appeared in 1974 (1, 2). The 
widespread lack of success in obtaining useful 
crystals of other RNA molecules discouraged 
efforts to solve new structures of more complex 
RNA molecules. Except for x-ray structures of 
the smaller hammerhead ribozyme (3, 4) no new 
RNA structures of comparable size appeared 
until the 160-nucleotide (nt) P4-P6 domain of 
the group I ribozyme, in 1996 (5). Only 4 years 
later, the first high-resolution x-ray crystal 
structures of the ribosomal subunits emerged 
(6-8), suddenly increasing information on RNA 
structure by two orders of magnitude (Fig. 1) 
(9, 10). It is now possible to see directly how 
RNA can be folded into this breathtakingly 
intricate and graceful globular 2.5-MD struc- 
ture containing over 4500 nt and more than 50 
proteins, related versions of which are respon- 
sible for synthesis of proteins in all cells. The 
lessons learned from these structures not only 
address the function and assembly of ribosomes 
but provide an enormous database for interpret- 
ing and predicting the structures of the numer- 
ous other cellular RNAs and ribonucleoproteins 
(RNPs), giving new insights into the structural 
basis of RNA function as well as how life 
might have originated in an RNA world (//). 


Lessons from tRNA 


Many principles of RNA structure were gleaned 
from the structure of the 76-nt (RNA™®* _.., (Z, 2). 
It showed that RNA forms double-helical 
structures with Watson-Crick base pairing but 
also that the presence of ribose in RNA has a 
profound influence on its structure. tRNA was 


found to contain many noncanonical base pairs, 


Center for Molecular Biology of RNA, Department of 
Molecular, Cell, and Developmental Biology, Sinsheimer 
Laboratories, University of California, Santa Cruz, Santa 
Cruz, CA 95064, USA. 


and even base triples, that allow it to fold into its 
unique three-dimensional structure. Inspection of 
its structure reveals a strong tendency for its 
strands to follow an A-helical path, even in non- 
base-paired regions. For example, hairpin turns 
are accomplished not by incremental bends in the 
RNA chain but by abrupt local changes in 
direction, usually centered around one or two 
nucleotides. A commonly observed motif is the U 
turn, seen in the anticodon loop of tRNA, which 
involves hydrogen bonding of the N3 position 
of a uridine with the phosphate group of a nu- 
cleotide three positions downstream, causing an 
abrupt reversal in direction of the RNA chain. The 
tRNA structure also revealed the coaxial stacking 
of RNA helices: The 7-base-pair (bp) acceptor 
stem stacks on the 5-bp T stem to form one 
continuous A-form helical arm of 12 bp (Fig. 2B). 
The other two helices, the D stem and anticodon 
stem, also stack, although imperfectly, to form a 
second helical arm. The two coaxially stacked 
arms form the familiar L form of tRNA (Fig. 1). 
Coaxial stacking is a common feature of RNA 
and is widespread in rRNA, where continuous 


tRNA 


P4-P6 


Fig. 1. The progress of RNA structure 
determination since 1974, showing the 
relative sizes of the 76-nt tRNA (7, 2), the 
160-nt P4-P6 domain of the group | 
ribozyme (5), and the 4530-nt 70S 
ribosome, which also contains more than 
50 proteins (37, 32). In the ribosome struc- 
ture, the 16S, 23S, and 5S rRNAs are 


coaxial stacking of as many as 70 bp is found 
(Fig. 2). In spite of the wealth of information 
provided by the 76-nt tRNA, many other 
common features of RNA structure were absent. 


The Post-tRNA Renaissance 


In the absence of new RNA crystals, nuclear 
magnetic resonance (NMR) spectroscopists be- 
gan to solve the structures of small RNAs, 
quickly adding to the diversity of known RNA 
folding motifs (12). The ability of small ligands 
to stabilize or rearrange RNA structure was 
exemplified by the dramatic structural re- 
arrangement of the HIV TAR RNA induced 
by binding a single arginine residue (/3). 

One of the first rRNA structures obtained by 
NMR spectroscopy was the sarcin-ricin loop 
(SRL) of 28S rRNA (/4), a structure that interacts 
with elongation factors EFl and EF2 and is 
targeted by the lethal ribotoxins a-sarcin and 
ricin. The compact 29-nt structure was found to 
contain several purine-purine base pairs, a 
tetraloop, and a bulged guanosine adjacent to a 
reverse Hoogsteen A-U pair. It is stabilized by 
stacking of bases from opposite strands (termed 
cross-strand stacking) and H-bonding between 
imino protons of guanines and phosphate oxy- 
gens. The zig-zag fold of its backbone (the S 
turn), along with its other features, have been 
identified as recurring motifs in RNA structures. 

Although NMR spectroscopy sidestepped the 
difficult problem of crystallizing RNA, it is 
limited to structural analysis of molecules with 
an upper size limit of about that of tRNA. This led 


70S ribosome 


colored cyan, gray, and gray-blue, respectively, and the small and large subunit ribosomal proteins 
are dark blue and magenta, respectively. Two tRNAs (yellow and orange) and a mRNA (green) are 


visible inside the ribosome. 
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to an increased effort to improve methods for 
RNA crystallization (75). An encouraging sign 
was the appearance of the first crystal structures of'a 
catalytic RNA, the hammerhead ribozyme, solved 
first as an RNA-DNA chimera and subsequently 
as an all-RNA structure (3, 4). Both structures 
revealed essentially the same fold, with three 
helices arranged in a Y configuration containing a 
U tum at the three-helix junction. Scott and co- 
workers have gone on to solve the structures of 
four additional constructs by using strategies that 
trap the hammerhead ribozyme in different states 
of its catalytic cycle, revealing for the first time a 
detailed high-resolution “movie” of the mecha- 
nism of action of a catalytic RNA 

(16). Since the hammerhead struc- A 
ture, crystal structures of three more 
ribozymes have been solved, includ- 

ing the hepatitis delta virus ribozyme 

(17), the hairpin ribozyme (/8), and 

the group I self-splicing intron 
(19-21), providing the structural 
basis for understanding their re- 
spective catalytic mechanisms. 

The first RNA structure to be 
solved that exceeded the size of 
tRNA was the 160-nt P4-P6 domain 
of the Tetrahymena group I intron 
at 2.8 A resolution (5). It consists of 
two extended coaxial helical ele- 
ments connected at one end by an 
internal loop containing a 150° bend 
(Fig. 1). For the first time, examples 
could be seen of the kinds of RNA- 
RNA interactions that are used to 
stabilize the packing of RNA heli- 
ces into larger, more complex glob- 
ular structures. One of these has been 
named the A-minor motif (22), one 
of the most abundant long-range 
interactions in rRNA, in which 
single-stranded adenosines make 
tertiary contacts with the minor 
grooves of double helices. A-minor 
interactions also play important 
functional roles. Helix-helix inter- 
actions were also formed by ribose 
zippers involving H bonding be- 
tween the 2’-hydroxyl group of a 
ribose in one helix and the 2’- 
hydroxyl and the 2-oxygen of a 
pyrimidine base (or the 3-nitrogen of a purine 
base) of the other helix between their respective 
minor groove surfaces. In addition, close ap- 
proach of phosphates was often mediated by 
bound hydrated magnesium ions. A recurring 
motif in the P4-P6 structure, called the A 
platform, positions adenines side by side in a 
pseudo-base pair within a helix, opening the 
minor groove for interactions with nucleotides 
from noncontiguous RNA strands. 


rRNA Secondary Structure Prediction 


Long before the first ribosome crystal structures 
appeared, the essential features of rRNA sec- 


ondary structures were correctly predicted by 
using comparative sequence analysis (23—25). 
At about this same time, Michel and col- 
leagues used a similar approach to establish the 
secondary structures of group I introns (26). 
Comparative analysis establishes base pairing 
by identification of compensating base changes 
in complementary nucleotides between two or 
more sequences. This approach was first ex- 
plicitly applied by Fox and Woese (23), who, 
studying 5S rRNA sequences as phylogenetic 
markers, realized there was a common sec- 
ondary structure that was compatible with sev- 
eral different sequences. Comparative analysis 


was used on the large 16S and 23S rRNAs 
from the outset; consequently, their main 
secondary structure features were deduced 
rather quickly (24, 25), to be confirmed 
crystallographically some 20 years later. Even 
some rRNA tertiary interactions were dis- 
covered by comparative analysis (27, 28), as 
had been the case earlier for tRNA (29). The 
secondary structures of most globular RNAs 
have been determined by comparative analysis, 
including ribonuclease (RNase) P RNA, the 
group I and group II self-splicing introns, 
snRNAs, and telomerase RNA. For some 
RNAs, such as in vitro—selected RNA aptamers 


Fig. 2. Secondary structures of (A) 16S rRNA 
and (B) tRNA. Coaxial stacking of individual 
helices is indicated by the colored bars. 


and ribozymes, a lack of phylogenetic se- 
quence information has been overcome by in- 
troducing base variation with the use of either 
site-directed or random mutagenesis (30). 
About 60% of the nucleotides in the large 
rRNAs are involved in Watson-Crick base 
pairing. However, the unpaired bases are not 
distributed evenly among the four bases. In 
Escherichia coli 16S rRNA, for example, the 
proportions of unpaired bases for G, C, and U 
are 31%, 29%, and 33%, respectively, whereas 
62% of As are unpaired (27), a tendency that 
extends to other functional RNAs. The prepon- 
derance of unpaired adenosines reflects their 
participation in special tertiary 
interactions. 


39 Implications for RNA 
Tertiary Structure 


The ribosome and its subunits 
are the largest asymmetric struc- 
tures that have been solved so far 
by crystallography. The 2.4 A 
Halocarcula marismortui 50S sub- 
unit structure (8) and the ~3 A 
Thermus thermophilus 30S subunit 
structure (6, 7) provided the first 
detailed views of the molecular 
interactions that are responsible 
for the structures of both ribo- 
somal subunits. A 5.5 A structure 
of a functional complex of the 7. 
thermophilus 70S ribosome re- 
vealed the positions of the tRNAs 
and mRNA and their interactions 
with the ribosome, as well as the 
features of the intersubunit bridges 
(31, 32). Many co-crystals of ribo- 
somes and subunits containing 
tRNA and mRNA fragments, pro- 
tein factors, and antibiotics have 
now been solved in an effort to un- 
derstand the mechanism of trans- 
lation (33). These analyses have 
been complemented by exten- 
sive cryogenic electron micros- 
copy (cryo-EM) reconstruction 
studies, which have led to lower- 
resolution structures for many 
functional complexes of the ribo- 
some that have so far defied 
crystallization (34). 

Many long-standing questions were immedi- 
ately resolved by the crystal structures. A critical 
issue was whether the rRNA merely serves as a 
structural scaffold, or whether it is directly 
involved in ribosomal function. The structures 
showed that rRNA in fact does both of these 
things, creating the structural framework for the 
ribosome, and at the same time forming the main 
features of its functional sites, confirming that 
the ribosome is indeed a ribozyme (35). 

It was already clear from the secondary 
structures of 16S and 23S rRNA that they are 
organized into domains of a few hundred nu- 
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cleotides each, four for 16S rRNA and six for 
23S rRNA (24, 25). The three major domains of 
16S rRNA were assigned to the head, body, 
and platform features of the low-resolution EM 
structure for the 30S subunit (36, 37), and this 
has been confirmed by crystallography (6, 7). 
Their structural autonomy appears to facilitate 
their independent movement during transla- 
tion. The six domains of 23S rRNA are more 
closely packed against one another (8) and 
were not distinguishable as separate domains 
of the 50S subunit at low resolution. 
Comparative analysis of 16S and 23S rRNA 
secondary structure also provided a sense of the 
allowed variation in the sizes 
of the different helical ele- 


ments (24, 25, 27). Some A A521 


helices are strictly conserved 
in length, showing no phylo- 
genetic variation. Others vary, 
showing both shorter and 
longer versions relative to E. 
coli in different phylogenetic 
branches. In some cases, 
shortening but not lengthening 
is permitted. These observa- 
tions can now be interpreted in 
view of the three-dimensional B 
structures. Variable-length heli- 
ces are always found on the 
surface, distant from the func- 
tional center of the ribosome, 
with their extensible ends 
pointing into the solvent. Ones 
that can be shortened, but not 
lengthened, have ends whose 
maximum lengths are re- 
stricted by potential clash with 
other structural elements. 

The hundreds of individual 
tRNA helices in the ribosome 
allow us to draw new gener- 
alities about RNA secondary 
structure. Most rRNA helices 
terminate at both ends in G-C 
pairs. As predicted from se- 
quence analysis and chemical 
probing studies, noncanonical 
A-G pairs often flank the ends 
of helices (38, 39). The crys- 
tal structures show that they are most com- 
monly sheared A-G pairs, as well as Watson- 
Crick-like A-G imino pairs (40, 41). As first 
observed for tRNA, bases that fall into non- 
helical (so-called single-stranded) regions of 
the secondary structure are typically found to 
be highly structured, participating in H bonding 
and stacking interactions with other elements 
of the RNA. Of the 25 possible kinds of 
noncanonical base pairs involving two or 
more hydrogen bonds (40, 47), 20 are found 
in the ribosome. For example, the sheared 
A-G pair is represented 20 times in 16S rRNA 
and 46 times in 23S rRNA, and there are 7 
and 22 examples, respectively, of the reverse 


Type Il 


G1363 


Fig. 3. (A) Type | and (B) type II A-minor 
nucleoside interactions (22). These precise E 
lock-and-key minor-groove interactions be- 
tween (usually) an adenosine and a Watson- 
Crick base pair are found extensively in 16S 
and 23S rRNA (6, 8). They were first observed 
in crystal packing of the hammerhead 
ribozyme (3, 4) and in the P4-P6 domain of 
the group | ribozyme (5). (C to E) A-minor 
interactions play an important functional role 
in monitoring codon-anticodon interaction 
by the ribosome via their unique stereo- 
chemical fit to Watson-Crick base pairs (44). 


Hoogsteen A-U pair. Westhof and co-workers 
have made a comprehensive study of the 
kinds of noncanonical interactions that appear 
in RNA and their geometric and stereochem- 
ical classification (42, 43). 

Among the most interesting structural 
motifs are the A-minor interactions, of which 
hundreds of examples are found in rRNA (22). 
In these motifs, single-stranded adenosines 
reach into the minor groove of a helix, making 
both H bonding and van der Waals contacts. 
They are not simply base-base interactions, but 
nucleoside-nucleoside interactions, because 
crucial contacts are also made with the riboses 
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as well as the bases (Fig. 3). Pairs of consecutive 
A-minor interactions are often found, in which 
two adjacent adenosines sequentially form type 
II and type I interactions (although some type II 
interactions are also made by guanosines) with 
adjacent base pairs (Fig. 3, A and B), which are 
typically G-C pairs. Although they form many 
important structural contacts, they are also in- 
timately involved in ribosome function. For 
example, the 3’-terminal adenosines of both 
the A- and P-site tRNAs are positioned in the 
peptidyl transferase site by A-minor inter- 
actions with 23S rRNA (35). An elegant 
RNA-based mechanism using the A-minor 
motif occurs in the decoding site of the 30S 


G530 


+ y 


subunit (44), where the stereochemical fit of 
codon-anticodon pairing is monitored by A- 
minor interactions between A1492 and A1493 
of 16S rRNA (supported by additional inter- 
actions from G530) and the minor groove 
surface of the codon-anticodon helix (Fig. 3, 
C to E). The prevalence of A-minor interac- 
tions in rRNA helps to account for the over- 
representation of single-stranded adenosines in 
rRNA secondary structures. 

About half of the helices in rRNA 
terminate in hairpin loops. In 7. thermophilus 
16S rRNA, 17 of its 32 hairpin loops are 
tetraloops (Fig. 2), first identified as the most 
common type of hairpin loop 
in rRNA by inspection of their 
phylogenetically derived sec- 
ondary structures (45). As 
found for many RNAs, the 
GNRA tetraloop is most com- 
mon in rRNA, representing 
about half of the observed 
tetraloops. The other hairpin 
loops use a variety of strat- 
egies to execute their turns. 
In 16S rRNA, there are five 
examples of U turns, and G 
turns are also found, in 
which the stabilizing hydro- 
gen bond to the backbone 
phosphate is made from the 
N1 position of a guanine 
base; these include the G 
turns that are an intrinsic 
feature of GNRA tetraloop 
U2 structures. Indeed, G(N1)- 
phosphate H bonds are wide- 
spread, making many kinds 
of base-backbone interac- 
tions in addition to G turns, 
of which there are dozens of 
examples in both 16S and 
23S rRNA. 

It has been said that 
“tRNA looks like Nature’s 
attempt to make RNA do 

U3 the job of a protein’’ (46). 
rRNA takes this notion to 
the extreme, representing the 
limit of what can be done to 

make a globular, functional molecule out of 
RNA, beyond which nature has resorted to 
proteins. The basic building block of RNA 
structure, the double helix, greatly restricts the 
ability of RNA to form globular structures 
because of its rigidity and limited geometry. 
How then, does RNA manage to form a struc- 
ture such as the ribosome, with its complex, 
curving three-dimensional surfaces, stereo- 
specific binding pockets, and other intricate 
molecular features? Almost all rRNA helices 
contain seven or fewer contiguous Watson- 
Crick base pairs, in spite of the fact that the 
overall dimensions of the ribosome (~250 A) 
would in principle allow for continuous heli- 
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ces of as many as 80 bp. A general strategy 
found throughout the ribosome is to connect 
these short helices by bulge loops or internal 
loops of unequal length, introducing bends 
that allow a high degree of structural curva- 
ture. The connecting loops themselves are 
highly structured, rich in noncanonical base 
pairs as well as base-phosphate and base- 
ribose interactions that constrain the geom- 
etries of the individual bends. Indeed, bases that 
are not involved in either Watson-Crick or some 
kind of noncanonical interaction are very rare, 
explaining why so few bases are reactive toward 
chemical probes and their 
inability to hybridize with 
oligonucleotide probes. Some 
of the connecting loop fea- 
tures have been recognized 
as recurring motifs in RNA 
structure: for example, the 
S turn motif and the kink 
turn that creates a sharp 120° 
angle between two adjacent 
helices (47). 

These irregular com- 
pound helices are packed 
against one another to form 
the final globular structure. 
Earlier, it was thought that 
RNA-RNA packing would 
be mediated by the basic 
ribosomal proteins to allevi- 
ate charge repulsion between 
the high density of negative- 
ly charged phosphate groups 
lining the RNA backbone. It 
was therefore surprising to 
find extensive regions of 
closely packed RNA helices 
containing little or no pro- 
tein. Packing of RNA struc- 
tural elements is of special 
interest in the functional sites, 
which are mostly devoid of 
proteins. In fact, ribosomal 
proteins are found mainly on 
the outer surface of the ribosome, although many 
of them contain long, unstructured tails that 
penetrate the RNA (48, 49). Not surprisingly, 
both divalent and monovalent cations as well 
as polyamines, which have long been known 
to be essential for the structural and function- 
al integrity of ribosomes, mediate RNA-RNA 
packing interactions in the ribosome, helping to 
neutralize phosphate-phosphate repulsion (50). 
The ribose zipper (5) is yet another strategy 
that is used for packing the minor grooves of 
rRNA helices against each other. 

Folding of RNA differs in many ways from 
that of proteins. There are only four types of 
nucleotide monomers; there are six backbone 
torsion angles, instead of two; and RNA 
structure is not nucleated by a hydrophobic 
core, as are most proteins. Instead, RNA 
folding uses the two principle devices that 


were first seen in the double-helical structures 
of DNA and RNA: hydrogen bonding and 
base stacking. 

An example of how noncanonical H-bonded 
interactions can direct the packing of RNA 
helices is the helix 6-helix 8 interaction in 16S 
rRNA (6) (Fig. 4). These two helices pack 
against each other at a 90° angle, via their 
respective minor-groove surfaces. They are po- 
sitioned by two layers of coplanar bases that 
form two exquisitely stereospecific H-bonded 
networks. Both layers contain central A-minor 
interactions in which adenosines in helix 8 bind 


Fig. 4. An example of how the ribosome packs two helices (h6 and h8) in 16S rRNA 
together at right angles to each other (6). Two layers of nucleotides (yellow and red) 
form extensive hydrogen-bonded networks (dotted lines) that precisely locate the two 
helices. In the top (yellow) layer, nucleotide A151 in h8 makes a type II A-minor 
interaction with the G102-C67 base pair in h6, itself bolstered by a Hoogsteen pair with 
U170. In the bottom (red) layer, A152 of h8 makes a type | A-minor interaction with a 
Watson-Crick-like pair between G68 and A101 of h6. Both A152 and its A-G receptor 
are bolstered by additional noncanonical base pairings with C169 and G64. 


to receptors in helix 6, forming the heart of the 
interhelical connection. The upper (yellow) layer 
is formed by interaction of the minor-groove 
side of a Watson-Crick G-C pair in helix 6 
through a type IT A-minor interaction with the 
adenosine of a noncanonical Hoogsteen base 
pair in helix 8. The lower (red) layer is formed 
from a noncanonical A-G-G base triple, of 
which one of the guanosines forms the recep- 
tor for a Type I A-minor interaction from an 
adenosine involved in a noncanonical A-C 
pair in helix 8. The positions of both of the 
A-minor adenosines are constrained by their 
additional base-base interactions, tightly 
restricting the overall geometry. It seems 
counterintuitive that this apparently coplanar 
arrangement of bases results in a 90° packing 
angle between the two helices. This is the re- 
sult of three effects: first, the bases of RNA 


helices are tilted at an angle to the helical axis; 
second, the adenine bases in A-minor inter- 
actions typically form ~30° angles with the 
planes of their receptor bases; and third, the 
adenines are held at an angle to helix 8 by ad- 
ditional noncanonical base-base interactions. 

In addition to coaxial stacking of helices, the 
ribosome contains some remarkable examples 
of base stacking of unpaired bases, such as in 
the noncanonical structure known as helix 70 in 
23S rRNA (Fig. 5). Helix 70 is located at the 
subunit interface of the 50S subunit near the 
geometric center of the ribosome (8). It forms 
the attachment point for helix 
69, which interacts with both 
the A- and P-site tRNAs, as 
well as forming a bridge 
to the decoding site of 16S 
rRNA (3/, 32). Its com- 
pact, 23-nucleotide struc- 
ture is a tour de force of 
noncanonical complexity 
and is one of the most con- 
served features of rRNA. It 
contains no fewer than four 
systems of stacked bases, 
one of which is bifurcated to 
form a short fifth stack. Al- 
though helix 70 superficially 
resembles a normal RNA 
helix, it in fact contains only 
a single canonical Watson- 
Crick base pair (G1964- 
C1934). Although its role in 
translation is not known, the 
projection of bases A1966 
and U1944 into the minor 
grooves of the functionally 
important helices 93 and 92, 
respectively, are suggestive 
of some relationship to the 
peptidyl transferase activity 
of the ribosome. 

rRNA folds correctly only 
by assembling with ribosomal 
proteins, which appear to 
stage the order of folding of rRNA during 
ribosome assembly to avoid losing improperly 
folded ribosomes in kinetic traps. Their role in 
translational function appears to be subordi- 
nate to that of rRNA, helping to improve the 
efficiency and accuracy of mechanisms that 
are based on RNA. This view is supported by 
their location mainly on the exterior of the 
ribosome, away from the functional subunit 
interface region (6-8, 31, 32). Further evi- 
dence comes from the observation that at least 
one-third of the ribosomal proteins can be 
deleted singly without conferring a lethal 
phenotype (5/). Nearly all ribosomal proteins 
interact directly with rRNA, and few have 
contact with other ribosomal proteins. They 
are typically small and basic, representing a 
diverse collection of structural types that span 
the range of known protein folds, giving the 
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impression that they were recruited to the 
ribosome in many independent evolutionary 
events. As mentioned above, some ribosomal 
proteins have long, unstructured tails that pen- 
etrate, and co-assemble with, the rRNA (48, 49). 
The C-terminal tails of proteins S9 and S13 
contact the anticodon stem loop of tRNA in the 
30S P site; cells in which the S9 and S13 tails 
have been deleted are viable, showing that 
these interactions are not essential for ribo- 
some function (52). In keeping with their 
diverse structures, their rRNA binding sites 
are comparably diverse, 
comprising both helical 
and loop features; unlike 
DNA-binding proteins, ri- 
bosomal proteins mainly 
recognize higher-order 
structural features of 
rRNA, rather than base 
sequence (48, 49). Bind- 
ing to rRNA helices oc- 
curs preferentially on their 
minor-groove surfaces. 
Apart from contributing 
to the neutralization of 
negative charges on the 
rRNA backbone, ribo- 
somal proteins are known 
to stabilize certain tertiary 
folds (53) and to help fix 
the relative orientation of 
helices at multihelix junc- 
tions (54). Indeed, proteins 
may have initially evolved 
to extend the structural 
repertoire of RNA in an 
RNA world (55). 


Ribosome 

Dynamics 

Ribosomes are molecular 
machines, whose moving 
parts enable the dynamic 
process of translation. 
Each tRNA traverses a 
distance of more than 
130 A from the time it enters the ribosome 
as an aminoacyl-tRNA until it is released as a 
deacylated tRNA (3/, 32, 56); it was an- 
ticipated that such large-scale tRNA move- 
ment must be matched by corresponding 
movements in the ribosome. Evidence for this, 
ranging from local conformational changes 
to relative movement of the 30S and 50S sub- 
units, comes from structural changes that are 
observed between different crystal structures 
(31, 32, 44, 57-59) and from cryo-EM studies 
of ribosomes trapped in different functional 
states (34, 60, 61). 

An example of a local rearrangement is the 
flipping of bases G530, A1492, and A1493 in 
the 30S decoding site to monitor the accuracy 
of codon-anticodon interaction (44) (Fig. 3, C 
to E). Accompanying this local change is a 


larger-scale movement, in which the 30S sub- 
unit goes from an open to a closed conformation 
that is induced by binding of a cognate tRNA 
(44, 62, 63). It is believed that the energy 
derived from binding the cognate tRNA com- 
pensates for the energetic costs of the transition 
to the closed form. The altered conformation of 
the 30S subunit may affect the interactions 
between the aminoacyl-tRNA-EF-Tu: guano- 
sine triphosphate (GTP) ternary complex and 
the conserved sarcin-ricin loop of 23S rRNA in 
the SOS subunit, leading to acceleration of GTP 


hydrolysis and accommodation of aminoacyl- 
tRNA (62, 63). 

An example of a larger-scale movement is 
that of the L1 arm of the 50S subunit. Exit of the 
E site-bound deacylated tRNA is obstructed by 
protein L1 and the extended arm of 23S rRNA to 
which it is bound (32). In addition, the observed 
contact with the elbow of tRNA bound in the 
P/E state (64) requires movement of the L1 arm 
by about 20 A (65). In the Dinococcus radio- 
durans 50S crystal structure (59), the position of 
the L1 arm is shifted downward by about 20 A 
relative to that seen in the 7. thermophilus 
crystal and the E. coli cryo-EM structures, 
sufficient to allow release of the tRNA. 

Coupled movement of tRNA and mRNA 
occurs during the EF-G-catalyzed process of 
translocation, the most dynamic of ribosomal 


functions. Translocation takes place in at least 
two steps, the first of which mainly involves 
movement of the acceptor arms of tRNA relative 
to the SOS subunit. This results in tRNAs bound 
in hybrid states, in which their anticodon ends 
remain in their original positions in the A and P 
sites of the 30S subunit while their acceptor ends 
move to the P and E sites of the 50S subunits 
(64). In the second step, the anticodon ends 
move to the P and E sites of the 30S subunit, 
coupled to movement of the mRNA, complet- 
ing the translocation of tRNA from the A to P 
and P to E sites. Struc- 
tural changes accom- 
panying translocation 
have been analyzed by 
comparison of cryo-EM 
reconstructions in which 
ribosomes were trapped 
in the pre- and post- 
translocation states 
(60, 61). Pretrans- 
location or posttrans- 
location ribosomes, 
containing peptidyl- 
tRNA bound to the A 
site or P site, respec- 
tively, were bound with 
EF-G and a nonhydro- 
lyzable GTP analog or 
guanosine diphosphate 
(GDP). These experi- 
ments show structural 
differences between the 
pre- and posttransloca- 
tion states of the ribo- 
some corresponding to 
a rotational movement 
of about 6° between the 
30S and 50S subunits, 
causing relative dis- 
placements of as much 
as 20 A at their ex- 
tremities. This move- 
ment is accompanied by 
other structural changes, 
including rearrangement 
of intersubunit bridge contacts between the 
head of the 30S subunit and the central pro- 
tuberance of the 50S subunit, as well as a 20 A 
displacement of the L1 arm. On the basis of 
these observations, Frank and co-workers have 
proposed a ratchet model for translocation, in 
which rotational movement between the sub- 
units and movement of the L1 arm, coupled 
with alternate binding and release of the two 
ends of the tRNA, is used to drive movement 
of tRNA and mRNA through the ribosome 
(60, 61). GTP hydrolysis is coupled to trans- 
location under normal cellular conditions, 
although the first step of translocation leading 
to formation of hybrid states can proceed 
spontaneously in vitro after peptide bond 
formation (64). Furthermore, the observation 
that a complete single round of highly accurate 
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only a single canonical Watson-Crick base pair (G1964-C1934). Its structure positions U1944 
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translocation can proceed in the absence of 
EF-G and GTP, stimulated by the antibiotic 
sparsomycin (66), indicates that translocation 
is an inherent property of the ribosome itself. 

Although the resolution of cryo-EM reconstruc- 
tions is insufficient to draw detailed conclusions 
about the mechanism of translocational dynamics, 
it is likely to be yet another function of rRNA. A 
puzzle is how large-scale movements, such as those 
of translocation, which must occur at the rate of 
about 20 per second, avoid 
the potential kinetic barriers 
that would be expected from 
making and breaking of the 
many molecular interactions 
that maintain the precise ge- 
ometry of the different con- 
formational states needed for 
accurate translation. Helical 
switches, in which certain 
RNA sequences alternate be- 
tween two different structures 
by base pairing with different 
complementary strands, have 
two disadvantages. First, 
disruption of an RNA helix 
has a high energy of activa- 
tion, and second, it leads to 
single-stranded intermediates 
that lack the necessary rigidity 
to maintain precise geometry. 
Helical switches have not 
been found in ribosomes, 
perhaps for these reasons. 
The ideal dynamic interac- 
tions would thus be ones 
whose disruption and forma- 
tion have relatively low ac- 
tivation barriers, maintain 
their local conformations in 
the disrupted state, and form 
with precise stereochemistry. 
The abundant A-minor in- 
teractions fit this description 
well. We have already seen 
that they participate in dy- 
namic yet precise interac- 
tions in aminoacyl-tRNA 
selection and in the peptidyl 
transferase active site (Fig. 
3) (35, 44). The crystallo- 
graphic evidence suggests that involvement of 
A-minor interactions in ribosomal dynamics 
may be much more widespread. 

The 3.0 A crystal structure of the isolated 
30S subunit shows that there are about 55 A- 
minor interactions, or potential A-minor in- 
teractions, in 16S rRNA (Fig. 6). They are 
typically found in consecutive pairs consisting 
of a type II interaction followed by a type I 
interaction. The vast majority of them are long- 
range interactions; i.e., they connect parts of the 
secondary structure that lie in different domains 
or subdomains of the RNA. In contrast, the 
other base-base and base-backbone tertiary 


interactions are overwhelmingly local (67). 
Most intriguing is that eight of the sets of A- 
minor examples in Fig. 6 have optimal geom- 
etries except that the adenosines are out of 
contact range from their putative helical 
receptors. This suggests that these eight sets of 
potential A-minor contacts could play a role in 
the conformational dynamics of the 30S subunit. 
Direct support for formation of one of them 
comes from the electron density map of the 7. 


thermophilus 70S ribosome (32), in which the 
potential interaction between helix 13 and helix 
44 (Fig. 6) is clearly formed. Intriguingly, most 
of these potentially dynamic interactions are 
positioned immediately adjacent to features 
of 16S rRNA that form intersubunit bridges 
(Fig. 6) (32); this observation is consistent 
with their possible involvement in transloca- 
tion, in which molecular rearrangements at the 
subunit interface are known to occur (60, 61). 


Conclusions 


We have now seen enough RNA structures to 
infer some generalities about what we can expect 


Fig. 6. A-minor interactions in 16S rRNA, as 
found in the 3.0 A crystal structure of the T. 
thermophilus 30S ribosomal subunit (6). 
Potential A-minor interactions with adeno- 
sines that have optimal geometry but are out 
of contact range with their helical receptors 
are shown in red; interactions that form at 
proper contact distances are shown in black. 
Nucleotides that form intersubunit bridge 
contacts (32) are highlighted in blue. 


to find in other RNAs. We have probably seen 
most, if not all of the possible local RNA 
folding motifs (/0); U turns, T loops, S turns, 
kink turns, hook turns, A minor interactions, A 
platforms, and tetraloops are all recurring 
features of the structures of globular RNAs. 
Together with the A-form double helix and 
the more than 20 types of noncanonical 
base pairs, we can now say that these 
comprise the building blocks of RNA archi- 
tecture. It has been shown that 
we can already predict with 
good accuracy the occurrence 
of many of these structural 
features with the use of only 
sequence information. With the 
availability of many thousands 
of rRNA sequences plus exam- 
ples of their high-resolution 
crystal structures, it may be 
possible to further extend the 
rules for prediction of RNA 
structure by using sophisticated 
bioinformatic approaches. Last- 
ly, and most importantly, the 
ribosome is a dynamic struc- 
ture, no doubt facilitated by the 
inherent flexibility of its RNA. 
The functional capabilities of a 
number of cellular RNAs, in- 
cluding the hammerhead ri- 
bozyme, group I intron, and 
spliceosomal RNAs also appear 
to depend on their structural 
dynamics (68). There is little 
doubt that the ribosome will 
continue to help us understand 
the strategies by which RNA 
structure enables movement 
and biological function. 
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From Birth to Death: The Complex Lives 
of Eukaryotic mRNAs 


Melissa J. Moore 


Recent work indicates that the posttranscriptional control of eukaryotic gene 
expression is much more elaborate and extensive than previously thought, with 
essentially every step of messenger RNA (mRNA) metabolism being subject to 
regulation in an mRNA-specific manner. Thus, a comprehensive understanding of 
eukaryotic gene expression requires an appreciation for how the lives of mRNAs are 
influenced by a wide array of diverse regulatory mechanisms. 


Many written accounts of eukaryotic gene 
expression might start something like this: 
“Messenger RNAs (mRNAs) are the central 
conduits in the flow of information from DNA 
to protein. In eukaryotes, mRNAs are first 
synthesized in the nucleus as pre-mRNAs that 
are subject to 5’-end capping, splicing, 3’-end 
cleavage, and polyadenylation. Once pre- 
mRNA processing is complete, mature mRNAs 
are exported to the cytoplasm, where they serve 
as the blueprints for protein synthesis by 
ribosomes and then are degraded.” Like a short 
obituary, however, this dry and simplistic 
description captures nothing of the intricacies, 
intrigues, and vicissitudes defining the life 
history of even the most mundane mRNA. In 
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addition, of course, some mRNAs lead lives 
that, if not quite meriting an unauthorized 
biography, certainly have enough twists and 
turns to warrant a more detailed nucleic acid 
interest story. It is these intricacies, and our 
recent progress in understanding them, that are 
the subject of this review. We will follow the 
lives of eukaryotic mRNAs from the point at 
which they are birthed from the nucleus until 
they are done in by gangs of exonucleases lying 
in wait in dark recesses of the cytoplasm. Along 
the way, mRNAs may be shuttled to and from 
or anchored at specific subcellular locations, be 
temporarily withheld from the translation 
apparatus, have their 3’ ends trimmed and 
extended, fraternize with like-minded mRNAs 
encoding proteins of related function, and be 
scrutinized by the quality-control police. Al- 
though some of these processes were originally 
thought to affect only select mRNA popula- 


tions or be largely limited to highly specialized 
cell types like germ cells and neurons, recent 
work suggests that the majority of mRNAs in 
multiple cell types are subject to a diverse array 
of regulatory activities affecting essentially 
every aspect of their lives. 


The mRNP as a Posttranscriptional 
Operon 


Throughout their lifetimes, mRNAs are es- 
corted by a host of associated factors, some of 
which remain stably bound while others are 
subject to dynamic exchange (Table 1). Togeth- 
er with mRNA, this complement of proteins 
and small noncoding RNAs [e.g., microRNAs 
(miRNAs)] constitute the messenger ribonu- 
cleoprotein particle (mRNP). It is the unique 
combination of factors accompanying any par- 
ticular mRNA, as well as their relative posi- 
tions along the transcript, that dictates almost 
everything that happens to that mRNA in the 
cytoplasm. In budding yeast, it is estimated 
that ~570 different proteins have the capac- 
ity to bind RNA (J). This number is no doubt 
considerably larger in humans, because a 
single type of RNA binding domain, the RNA 
recognition motif (RRM), is represented in 
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Table 1. mRNP cheat sheet. 2) 
CBC20/80 The nuclear cap binding complex. A heterodimer of 20 and 80 kD subunits. Joins the mRNP coincident with cap formation during = 
transcription and facilitates pre-mRNA splicing. In the cytoplasm, can serve as a translation initiation factor through 
interactions with elF4G but is ultimately replaced by elF4E. _ 
elF4E Eukaryotic translation initiation factor 4E. The major cytoplasmic cap binding protein. Target of many translational regulators a 
[elF4E binding proteins (4E-BPs)] that disrupt its interaction with elF4G. 4 
elF4G Eukaryotic translation initiation factor 4G. A large scaffolding protein that can simultaneously interact with cap binding proteins, re) 
PABPCs, and elF3 bound to the small ribosomal subunit. Zz 
PABPN1 The nuclear poly(A) binding protein. Binds poly(A) by a single RNA recognition motif (RRM) and an arginine-rich C-terminal 
domain. In budding yeast, the evolutionarily unrelated Nab2 protein serves this role. 
PABPCs Cytoplasmic poly(A) binding proteins. Single-celled eukaryotes contain a single PABPC, whereas human cells contain four. All 


PABPCs bind poly(A) RNA through four RRMs. 

A diverse set of factors loosely defined as all proteins associating with heterogeneous nuclear RNA (hnRNA, made up of pre- 
mRNA and nuclear mRNA) that are not stable components of other RNP complexes, such as small nuclear RNPs (snRNPs). 
Some hnRNP proteins accompany mRNAs to the cytoplasm; others are confined to the nucleus. 


HnRNP proteins 


EJC The exon junction complex. A set of proteins loaded onto mRNAs upstream of exon-exon junctions as a consequence of pre- 
mRNA splicing and which accompanies the spliced mRNA to the cytoplasm. 
SR proteins A family of structurally related, nuclear RNA binding proteins containing an RRM and a domain rich in serines and arginines (RS 


domain). The serines in the RS domain serve as sites of dynamic phosphorylation. Some SR proteins accompany mRNAs to 
the cytoplasm; others are confined to the nucleus. Many SR proteins play key roles in pre-mRNA splicing. 


Y-box proteins 


A family of multifunctional nucleic acid binding proteins containing a “cold-shock” domain. Along with PABPCs, Y-box proteins 


constitute the major mRNP structural components in somatic cells. They are thought to bind along the body of the message 
and have a packaging role that modulates translational activity. In Xenopus oocytes, Y-box proteins FRGY2 and mRNP3 are 
major components of stored mRNPs. 


TIA-1/TIAR Structurally related RNA binding proteins consisting of three RRMs and a C-terminal prionlike domain. The prionlike domain is 
thought to self-oligomerize in vivo and drive the formation of stress granules. 
miRNAs MicroRNAs. Small noncoding RNAs that imperfectly base-pair with recognition sites in 3’ UTRs. In combination with RISC (RNA- 


induced silencing complex), miRNAs negatively regulate protein synthesis by the cognate mRNA. 


nearly 500 different human genes (2). Other 
common RNA binding motifs include the KH 
domain, the double-stranded RNA binding do- 
main (dsRBD), zinc fingers, RGG boxes, and 
the Pumilio homology domain found in PUF 
proteins (3, 4). The human genome has also 
been estimated to encode more than 400 differ- 
ent miRNAs targeting transcripts from ~5,000 
different genes, or ~20% of the genome (5—7). 

A few mRNP components target the two 
elements common to almost every message: 
the 7-methylguanosine cap found at the 5’ end 
of all RNA polymerase II transcripts and the 
poly(A) tail comprising most mRNA 3’ ends 
(8, 9). Others, such as the abundant mRNA- 
packaging Y-box proteins, appear to associate 
along the length of transcripts in a largely 
sequence-independent manner (/0). Yet an- 
other set, exemplified by the exon junction 
complex (EJC), is loaded at specific positions 
independent of sequence (//). The majority of 
mRNA binding factors, however, target partic- 
ular structures or sequences present in some 
mRNAs but not others. Such specific recogni- 
tion elements most commonly occur in the 
untranslated regions (UTRs) at the 5’ and 3’ 
ends of the message. 

Individual mRNP components can be 
thought of as adaptors that allow mRNAs to 
interface with the numerous intracellular 
machineries mediating their subcellular local- 
ization, translation, and decay, as well as the 
various signal transduction systems. Some 
adaptors make positive interactions and thereby 
serve as activators of a particular process, 
whereas others disrupt the positive interactions 
and act as repressors. By containing binding 


sites for diverse adaptors, individual mRNAs 
can respond to myriad inputs, allowing their 
expression to be exquisitely fine-tuned to 
changing conditions. These changing con- 
ditions can also alter the levels and RNA 
binding properties of the adaptors, transform- 
ing the subpopulations of mRNAs to which 
they bind. The result is an elaborate web of 
regulatory networks of equal, if not greater, 
complexity to those controlling initial mRNA 
synthesis (J2, 13). Indeed, eukaryotic mRNPs 
have been likened to ‘“‘posttranscriptional 
operons” that serve to markedly expand the 
regulatory plasticity of our unexpectedly small 
genomes (/2). The importance of such post- 
transcriptional regulatory mechanisms in the 
control of eukaryotic gene expression is high- 
lighted by the wide variability in the degree to 
which mRNA and protein abundances corre- 
late in vivo (14, 15). Thus, changes in mRNA 
levels, as measured by microarrays, for exam- 
ple, cannot be presumed to reflect proportion- 
ate changes in protein abundance or activity. 
A key assertion of the posttranscriptional 
operon model is that mRNAs encoding func- 
tionally related proteins should be coordinately 
regulated by specific mRNP components rec- 
ognizing sequence elements common to that set 
of mRNAs (/2). Evidence that this may be the 
case on a genome-wide scale was recently pro- 
vided by a study identifying the complement of 
mRNAs bound to each of the five individual 
Puf proteins in Saccharomyces cerevisiae (16). 
The Puf proteins are a family of structurally re- 
lated cytoplasmic mRNP proteins that have been 
implicated in the control of mRNA translation 
and stability through binding sites in the 3’ UTR. 


In all, 12% of known or predicted yeast mRNAs 
were found to stably associate with one or more 
of these proteins, although the vast majority 
(645 out of 735) bound only one. Notably, each 
Puf protein exhibited a highly skewed distribu- 
tion of bound mRNAs: Puflp and Puf2p bound 
mostly mRNAs encoding membrane-associated 
proteins, Puf3p almost exclusively targeted mes- 
sages for nuclear-encoded mitochondrial pro- 
teins, and Puf4p and PufSp associated primarily 
with transcripts encoding proteins bound for the 
nucleus. In several cases, a majority of the sub- 
units comprising a particular multiprotein ma- 
chine, such as the mitochondrial ribosome and 
a number of nuclear chromatin modification 
complexes, were encoded by mRNAs “tagged” 
by a single Puf protein. Together with earlier 
data (12), these new results (/6) strongly sup- 
port the idea that the expression of proteins with 
common functional themes or subcellular dis- 
tributions is coordinated by large-scale regula- 
tory networks operating at the mRNP level. 


Nuclear mRNP Embryology and Export 


Many components of the cytoplasmic mRNP 
are first recruited in the nucleus, coincident 
with transcription and pre-mRNA processing. 
Such factors include the nucleocytoplasmic 
shuttling hnRNP (heterogeneous nuclear RNP) 
and SR (serine/arginine rich) proteins as well 
as the EJC (11, 17, 18) (Table 1). Both hnRNP 
and SR proteins recognize short consensus 
sequences through their RNA binding domains 
(17); the SR proteins additionally contain a 
domain rich in Arg-Ser dipeptides that can 
variously interact with proteins or RNA and is 
subject to dynamic phosphorylation (/8). The 
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EJC is a set of proteins deposited onto spliced 
mRNAs by the process of pre-mRNA splic- 
ing. Unlike other known mRNP components, 
the EJC is loaded in a position-dependent, but 
sequence-independent, manner. EJC deposi- 
tion sites are about 20 to 25 nucleotides up- 
stream of exon-exon junctions, the sites where 
introns resided in the pre-mRNA. Intriguingly, 
the downstream consequences of EJC deposi- 
tion are highly dependent on EJC location 
along the mRNA—EJCs inside the open read- 
ing frame (ORF) can positively influence 
translation, whereas EJCs in the 3’ UTR can 
target the bound mRNA for rapid destruction 
via nonsense-mediated mRNA decay (NMD) 
(/1). It was recently found that certain SR 
proteins can recapitulate both of these effects, 
although the extent to which this is dependent 
on SR protein position along the mRNA re- 
mains to be elucidated (/8). 

A key issue regarding mRNP composition is 
how the complement of bound factors evolves 
as an mRNA proceeds through the various 
stages of its life. The first major change in 
mRNP composition occurs as mRNAs are 
birthed from the nucleus through the nuclear 
pore complex (NPC) (Fig. 1). The NPC is a 
mammoth, eight-fold symmetric supramolec- 
ular assembly (50 to 125 MD) that serves as 
the molecular gatekeeper for movement of 
proteins and protein-RNA complexes between 
the nucleus and cytoplasm (/9). Some nuclear- 
acquired mRNP proteins, such as the mRNA 
export adaptors and receptors responsible for 
targeting the nuclear mRNP to the NPC, are 
shed as a consequence of the birthing process. 
In general, export adaptors are mRNA binding 
proteins that serve to bridge the mRNA to one 
or more receptor proteins, which in turn con- 
tact components of the NPC. Like other nuclear- 
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Nucleus 3 


°o 


Cytoplasm 


acquired mRNP proteins, these adaptors and re- 
ceptors are recruited cotranscriptionally, but they 
dissociate from the mRNA either as it is tran- 
siting the pore or soon after reaching the cyto- 
plasm (20). In the case of the yeast adaptor and 
SR-like protein Npl3p, this dissociation is trig- 
gered by its cytoplasmic phosphorylation, which 
serves to destabilize its interaction with both the 
mRNA and the export receptor NXF1/Mex67p. 
Reimport and nuclear dephosphorylation of 
Npl3p creates a regulated RNA binding-and- 
release cycle capable of imparting overall direc- 
tionality to the mRNA export process (/8, 2/). 

Other nuclear-restricted mRNP components 
might be removed by DEXH/D-box proteins, a 
family of RNA binding nucleotide triphospha- 
tases, some of which can remove secondary 
structures and/or bound proteins from RNA (22). 
One such protein is the essential mRNA export 
factor DbpSp, which is recruited to mRNPs 
both cotranscriptionally and as they transit the 
pore (23). It has been suggested that DbpSp 
assists in “‘remodeling” the mRNP during nu- 
clear export, possibly by facilitating binding of 
new cytoplasmic mRNP factors as it bumps off 
other proteins that return to the nucleus. If this 
is the case, however, it is unclear how DbpSp 
would be prevented from indiscriminately 
removing the many nuclear-acquired proteins 
known to remain associated with the cyto- 
plasmic mRNP. An alternate role for DbpSp is 
suggested by its strong interactions with the 
long fibrils extending away from the cyto- 
plasmic face of the NPC. By simultaneously 
binding the mRNA and these fibrils, DbpSp 
might instead serve to prevent the mRNP from 
backsliding into the nucleus as it exits the pore 
and thereby contribute to export directionality. 

To date, the only mRNPs that have been 
caught in the act of transiting the pore are the 
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Fig. 1. Schematic of mRNA export and alternate mRNA fates in the cytoplasm. Export through the 
NPC requires export adaptors and receptors as well as Dbp5p. Some mRNAs are exported 5’ end 
first and are immediately engaged by ribosomes (A), whereas others may be exported by a non-5’- 
end-first mechanism (B). Once in the cytoplasm, some mRNPs are stored in a translationally silent 
state (C), and others are transported to specific subcellular locations along the cytoskeleton (D). 


gigantic Balbiani ring mRNPs (24). Balbiani 
ring mRNAs | and 2 of the dipteran Chiron- 
omus tentans are each >30,000 nucleotides 
long. This immense size, coupled with their 
extremely high expression levels in larval 
salivary glands, has enabled direct electron 
microscopic visualization of Balbiani mRNP 
docking and translocation through the NPC. In 
the nucleoplasm, Balbiani ring mRNPs exist as 
tightly packed ringlike structures. Upon dock- 
ing with the NPC, these ring structures partially 
unfold, allowing the mRNA to enter the pore 5’ 
end first. As soon as their 5’ ends begin to pro- 
trude into the cytoplasm, Balbiani rng mRNAs 
are engaged by the translation machinery, with 
multiple ribosomes often visible attached to 
mRNAs still transiting the pore. It should be 
noted, however, that this one-at-a-time, 5’-end- 
first birthing order of Balbiani ring mRNPs 
does not necessitate that this is how all mRNPs 
emerge from the nucleus; lesser mRNPs could 
well be born as multiples or even in a breach 
position. Many mRNAs destined for particular 
subcellular locations appear to travel in multi- 
mRNA packets or particles. Currently it is 
unknown whether these particles first form in 
the cytoplasm after mRNP export, or whether 
they are initially assembled in the nucleus and 
are then exported to the cytoplasm en masse. 
Other data support the idea that mRNAs might 
not always emerge 5’ end first. For example, 
neither the 7-methylguanosine 5’ cap structure 
nor the nuclear 5’ cap binding complex 
(CBC20/80) is essential for mRNA export in 
budding yeast, and injection of large amounts 
of cap analog only minimally affected mRNA 
export in Xenopus oocytes (25). Further, 
mRNA export adaptors are apparently recruited 
along the length of nascent transcripts rather 
than being concentrated near 5’ ends (26). 
Finally, consistent with a crucial role for the 
poly(A) tail in mRNA export, the nuclear 
poly(A) tail-binding proteins in both metazoans 
and budding yeast have known interactions 
with export receptors and NPC components (9). 
Indeed, a provocative possibility is that simply 
because of their gigantic size and their need to 
be efficiently recruited to the endoplasmic 
reticulum (which constitutes the cytoplasmic 
face of the nuclear envelope and into which 
proteins bound for secretion are extruded), 
Balbiani ring mRNPs may have evolved 
specific mechanisms ensuring 5’-end-first de- 
livery that are not employed by the bulk of 
cellular mRNPs. 


From Birth to Baptism: Engaging the 
Translation Apparatus 

Although CBC20/80 is not essential for mRNA 
export, it can serve as an initiation factor for 
protein synthesis. Like the Balbiani ring 
mRNAs, many mRNAs enter the translation- 
ally active pool immediately upon export to the 
cytoplasm. At this stage, the 5’ cap is still 
largely bound by the nuclear CBC20/80 com- 
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plex, whereas the poly(A) tail carries a mixture of 
nuclear and cytoplasmic poly(A) binding proteins 
PABPNI1 and PABPCs (Table 1). In this newly 
exported mRNP, CBC20/80 can functionally 
interact with translation initiation factor 4G 
(eIF4G), which serves to recruit the small 
ribosomal subunit and initiate 5’3’ scanning 
along the 5’ UTR for an AUG start codon (27). 
Once the start codon is identified, the large 
ribosomal subunit is engaged to form an 80S 
complex competent for protein synthesis. 

Another major change in mRNP composi- 
tion necessarily occurs upon the first passage of 
the 80S ribosome along the mRNA—the so- 
called “‘pioneering round” of translation (28). 
Threading of the mRNA through the narrow 
space between the two ribosomal subunits 
strips away any remaining nuclear-acquired 
mRNP proteins, such as EJCs, residing inside 
the ORF. At some point, CBC20/80 and 
PABPNI1 are also replaced by eIF4E (the 
major cytoplasmic cap-binding protein) and 
PABPCs, respectively. Whether these ex- 
changes require any special mechanisms, such 
as the phosphorylation that promotes dissocia- 
tion of Npl3p from newly exported mRNPs, or 
whether they occur simply as a consequence 
of mass action, is unknown. Regarding the 
second possibility, the low cytoplasmic con- 
centrations of CBC20/80 and PABPNI1 
coupled with the high concentrations of eIF4E 
and PABPCs could naturally lead to the latter 
set replacing the former, given reasonable dis- 
sociation rates. In any event, once the tran- 
sition is complete, a network of simultaneous 
interactions between the 5’ cap, eIF4E, eIF4G, 
PABPCs, and the poly(A) tail results in func- 
tional circularization of the message (Fig. 2), an 
arrangement thought to facilitate translational 
control by regulatory elements in the 3’ UTR, 
promote efficient ribosome reinitiation during 
active translation, and protect both ends of the 
transcript from the mRNA degradation machin- 
ery (9). 

Upon export, not all mRNAs immediately 
enter the translationally active pool. Many are 
held instead in a translationally quiescent state 
awaiting either proper subcellular localization 
or some signal that the timing is now right to 
make protein. In early metazoan embryos, for 
example, no new transcription occurs until after 
several cell divisions. Therefore, the oocyte 
must accumulate and store all the mRNAs 
required for early development. In immature 
frog oocytes, a number of these maternal 
mRNAs are translationally silenced through a 
mechanism involving substantial shortening of 
their poly(A) tails from their initial nuclear 
length of 200 to 250 adenosines to a mere 20 to 
40 bases. This shortening is modulated by 
CPEB, a protein that recognizes the so-called 
cytoplasmic polyadenylation element (CPE) in 
the 3’ UTR. CPEB also interacts with Maskin, a 
protein that competes with elF4G for binding to 
eIF4E. In the context of a short poly(A) tail, 
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which cannot effectively recruit PABPCs or 
eIF4G, the Maskin-eIF4E interaction inhibits 
translation. When the oocytes are induced to 
complete meiosis, CPEB becomes phosphoryl- 
ated; in this phosphorylated form, CPEB 
stimulates readdition of the poly(A) tail by 
cytoplasmic poly(A) polymerases. The longer 
poly(A) tails rebind PABPCs, which in turn 
recruit eIF4G to initiate translation (29). 

The CPEB-Maskin-elF4E interaction is just 
one example of translational regulation by so- 
called “4E inhibitory proteins,” which target 
the el[F4E-eIF4G interface. Some 4E inhibitory 
proteins like Maskin are tethered to a cis 
element in the 3’ UTR and therefore act only 
on mRNAs containing that element. Another 
class, the “‘4E binding proteins’? (4E-BPs), 
are not tethered and therefore act more glob- 
ally by sequestering any available eIF4E; this 
results in preferential translational inhibition 
of mRNAs that normally require high eIF4E 
levels. In addition to the control of develop- 
ment and cell growth, variants of this general 
translational regulatory scheme have been im- 
plicated in tumor suppression as well as the 
control of localized protein synthesis at neu- 
ronal synapses, which is believed to be es- 
sential for long-term potentiation (LTP) and 
memory consolidation (29). 

A currently open question about transla- 
tionally quiescent mRNPs has been whether 
they undergo a “‘pioneering round” of transla- 
tion driven by CBC20/80 before entering their 
translationally silent phase. At least for one 
mRNA, this appears not to be the case. Proper 
localization and regulated translation of oskar 
mRNA at the posterior pole of Drosophila 
oocytes is essential for germline and abdomen 
formation in the future embryo. During trans- 
port from its sites of production in nurse cells 
to the posterior pole of the oocyte, oskar 
mRNA is translationally silenced by a 3’- 
UTR-tethered 4E inhibitory protein, Cup (29). 
In addition to sequences in the 3’ UTR, oskar 
mRNA localization requires deposition of an 
EJC within the ORF, and the bound EJC 
proteins accumulate along with oskar mRNA 
at the posterior pole (30). If oskar mRNA were 
subject to a pioneering round of translation be- 
fore translational silencing and transport, then 
the EJC would be expected to be removed in 
the nurse cells and be unable to participate in 
mRNP localization or colocalize with oskar 
mRNA at the posterior pole. Further, the obser- 
vation that translational silencing of oskar dur- 
ing transport involves a 4E inhibitory protein 
supports the idea that exchange of CBC20/80 
for eIF4E at the cap can occur independent 
of any pioneering round of translation. 


Location, Location, Location 


Oskar is but one example of a plethora of 
localized mRNPs. Such localization, usually 
coupled with regulated translation, serves to 
restrict synthesis of the encoded protein to a 


specific subcellular compartment. For example, 
repression of mating-type switching by S. 
cerevisiae daughter cells is facilitated by 
localizing the mRNA encoding AshIp, a tran- 
scriptional repressor, to the developing bud tip. 
In all, 24 transcripts have been shown to 
localize to the bud tip and 8 to the vicinity of 
yeast mitochondria (3/). In metazoans, regu- 
lated translation of localized mRNAs is 
particularly rife in highly polarized cells such 
as oocytes and neurons. Fully one-tenth of 
randomly selected Drosophila ovarian mRNAs 
localize to the anterior pole of the oocyte, and 
~400 different mRNAs have been identified 
in mammalian neuronal dendrites (32). 

Mechanisms for mRNA localization in- 
clude active transport along the cytoskeleton, 
diffusion and anchoring, local protection from 
degradation, and local synthesis by subsets of 
nuclei in syncytial cells. In many instances, a 
combination of mechanisms work on a single 
transcript. For example, oskar mRNA is 
transported along microtubules by kinesin and 
then becomes anchored at the posterior pole by 
its own gene product. Another posterior pole 
mRNA, nanos, achieves its localization pattern 
by diffusion and anchoring, along with regional 
stabilization. Some localized mRNAs travel as 
individual mRNPs, whereas others appear to 
migrate as higher order RNP structures or 
particles. In neurons, such particles have been 
estimated to contain ~30 mRNAs and have 
diameters up to 1 um (32). 

Although mRNA localization and regulated 
translation have been most intensively studied 
in specialized cells such as oocytes and 
neurons, it now appears that many mRNAs 
may exhibit asymmetric localization even in so- 
matic cells. One particularly well-characterized 
example is B-actin mRNA, which localizes to 
sites of actin polymerization at the leading 
edges of crawling cells (33). Local B-actin 


Fig. 2. Schematic showing cotranslational as- 
sembly of a protein complex encoded by a family 
of colocalized mRNAs. Functional circularization 
of mRNAs by a network of interactions between 
elF4E, elF4G, and PABPs promotes efficient 
translation by polyribosomes. Physical juxtaposi- 
tion of mRNAs encoding individual components 
of the complex may facilitate cotranslational 
polypeptide interaction and complex assembly. 
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(siRNAs). Spreading of the 
silencing signal throughout 
the plant ensures that, when 
the plant is later exposed to 
the same virus, it will be 
resistant to further infection. 
In plants there are two types 
of spreading: short-range 
transmission of siRNAs from 
i cell to cell (involving SDE3) 
and long-range transmission 
of an unknown substance 
through phloem. 


generation 


C. elegans can take up dsRNAs by ingestion of 
bacteria expressing dsRNA molecules (which 
requires a cellular factor called SID-1); by 
being soaked in a solution containing dsRNA; 
or by being injected with dsRNA into the body 
cavity, Gene silencing spreads to most cells of 
the animal, with the exception of neurons. 
Moreover, RNA silencing can be passed on for 
several generations. The physiological role of 
spreading in C. elegans is unknown. 


Crystal structure of the Argonaute 
protein with siRNA (red) and 
mRNA (green) inserted by model 
building. RNA-binding PAZ 
domain, blue; nuclease 

PIW! domain, purple. 
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MicroRNAs are encoded in the genome and produced by the maturation of 
a hairpin-shaped RNA transcript. These RNAs are key regulators of many 
biological processes such as development (see example in Zebrafish at 
top right), cell proliferation, apoptosis, morphogenesis, oncogenesis (see 
example in mouse at bottom right), and hematopoiesis. In animals, they 
generally work by blocking protein synthesis or destabilizing mRNA. In 
contrast, miRNAs from plants and some from animals predominantly 
induce mRNA degradation and are important for plant siRNA formation. 
They also act as defense mechanisms by targeting RNA from viruses, 
leading to silencing of viral protein expression. MicroRNAS produced 

by viruses can also affect expression of host genes, 
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mall RNAs from both inside and outside the cell are processed by the 
INA interference (RNAi) machinery to inhibit genes and proteins by cleaving 
essenger RNAs, blocking protein synthesis, or inhibiting transcription 
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In plants and nematodes, transposons and 
transgenes, which contain repetitive DNA, 
encode double-stranded RNA through bi 
directional transcription or RdRp activity. The 
resulting siRNAs are used in TGS to inhibit gene 
expression from the original DNA. Centromeric 
heterochromatin and the mating type locus in 
fission yeast are also silenced in this way. 
Aberrant RNA is similarly processed and 
eliminated. 


MicroRNAs (miRNAs) 


After transcription by RNA poly- 
merase, the folded pri-miRNA 
processed at the 5’ end by Drosha to 
produce pre-miRNA. The pre-miRNA is 
translocated into the cytoplasm by 
exportin-5, where Dicer will complete 
its maturation into miRNA. 
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The ciliated protozoan Tetrahymena 
contains two nuclei. During somatic 
growth, the germline micronucleus is 
transcriptionally silent. About 15% of 
the micronuclear genome consists of 
germline-specific sequences (yellow) that are 
eliminated when the somatic macronucleus is 
formed. All gene expression occurs in the macronucleus 
from the macronuclear-destined sequences (blue). 


igration of remaining scnRNAs into 
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To accomplish this elimination, Dcl1 cleaves dsRNA molecules 
formed by the bidirectional transcription of the micronuclear 
genome into small “scan” RNAs (scnRNAs). The scnRNAs form 
complexes with the Argonaute protein Twil and are transferred 
into the old macronucleus, where scnRNAs with homology to on rn 
the macronuclear genome are degraded, 


The remaining complexes, derived from micronuclear-specific 
sequences, are exported to the new macronucleus where they target 
methylation to their homologous sequences, which, in turn, recruits 
Pddi1. The germline-specific sequences are then removed from the 
macronucleus, leaving only macronuclear-specific sequences (blue), 
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In the testis of male fruit flies, overexpression of the repetitive Stellate genes on the X chromosome is prevented by the 
Suppressor of Stellate [Su(Ste)] locus on the Y chromosome. Overlapping sense and antisense RNAs are generated from 
the Su(Ste) locus, which form dsRNAs. Dicer processes these dsRNAs into short repeat-associated siRNAs (rasiRNAs), with 
the possible assistance of two RNA helicases Spindle-E and Armitage, and the dsRNA binding protein Loquacious. The 


rasiRNAs are probably incorporated into a RISC-like complex with Aubergine, an Argonaute homolog, which silences the 
Stellate genes. 


Ambion 


THE RNA COMPANY® 


Since 2001, Ambion scientists have conducted thousands of siRNA experiments. The result is unrivalled expertise in siRNA 


design, synthesis, delivery, and detection — as well as the broadest array of RNAi products available anywhere. 


Experimental Overview for Inducing RNAi in Mammalian Cultured Cells 


Already designed, guaranteed-to-silence siRNAs to human, 
mouse, and rat genes 


+Silencer® Pre-designed siRNAs 
*Silencer® Validated siRNAs 
*Silencer® siRNA Libraries 
«Silencer® Control siRNAs 


+Silencer® Labeled Control siRNAs 


Custom siRNA Design using Custom siRNA Synthesis 
algorithm developed by Cenix R F 
fai pea vy *pSilencer® siRNA 
BioScience 

Expression Vectors 


*Silencer® siRNA Construction Kit 


+Silencer® siRNA Cocktail Kits 


Transfection 
*siPORT™ NeoFX™ 
*siPORT™ Amine 
*siPORT™ Lipid 


+Silencer® siRNA Transfection Kit II 


Electroporation 

«siPORT ™ Electroporation Buffer 
*siPORT ™ Electroporation Kit 
+siPORTer™-96 


«Electroporation Chamber 


RNA Isolation 
+PARIS™ Kit 


(Protein and RNA Isolation System) 
emirVana™ PARIS™ Kit 


*MagMAX”-96 Total RNA 
Isolation Kit 


RNA Analysis 
*Cells-to-Signal™ Kit 
siRNA Labeling 


+Silencer® siRNA Labeling Kit 


THE GOMPLETE miRNA SOLUTION PROVIDER - 
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Asa unique class of small RNA molecules, miRNAs require special tools for accurate and sensitive analysis. Ambion’s scientists have 
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These tools will help you uncover the relationship between mRNA and protein expression, potentially leading to a new segment of 
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The first step in the analysis of miRNAs is purification from a biological 
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RNA, while ignoring smaller molecules such as microRNA. The mirVana™ 
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ing small RNA (less than 200 nt). The flashPAGE™ Fractionator can then be 
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many different biological processes. 
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that are regulated by specific miRNAs as well as to identify cellular pro- 


cesses that are affected by specific miRNAs. 
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translation likely contributes to overall cell 
motility by supplying new actin monomers 
precisely at the sites where they are needed. 
Another set of proteins found at leading edges 
is the Arp2/3 complex, a stable assemblage 
of seven polypeptides responsible for nucle- 
ating branched actin filaments. New data 
indicate that upon serum induction, all seven 
Arp2/3 complex mRNAs are recruited to the 
leading protrusions of polarized fibroblasts 
by a mechanism requiring both actin fila- 
ments and microtubules (34). Such colocaliza- 
tion of mRNAs encoding all the components 
of a single macromolecular complex has nu- 
merous potential advantages. Not only is trans- 
lation and degradation of colocalized mRNAs 
amenable to coordinate regulation, synthesis of 
the component parts in close physical proxim- 
ity very likely facilitates assembly of the com- 
plex. The high local concentration of nascent 
polypeptides might even promote their cotrans- 
lational association (Fig. 2), an arranged mar- 
riage having added advantages of preventing 
alternate folding pathways and excluding un- 
wanted interactions with competing cellular 
components. 


The End of the Line (or Is It?): P-bodies 
and Stress Granules 


Because of their key position as transient 
intermediates in the flow of genetic informa- 
tion, mRNAs have limited lifetimes. As with all 
other aspects of mRNA metabolism, these half- 
lives are subject to modulation by changing 
intra- and extracellular conditions. How long 
an mRNA lives depends on how efficiently the 
mRNA degradation machinery is recruited to 
that mRNP. In general, the core degradation 
machinery attacks mRNA from its ends—the 3’ 
poly(A) tail is removed by a host of dead- 
enylases, while the 5’ cap is removed by spe- 
cific decapping enzymes. The body of the 
message is then degraded by 5’-3’ and 3’5’ 
exonucleases. Whether a particular mRNA is 
destroyed primarily in one direction or the 
other is a function of which set of enzymes is 
most active in that particular cell type and 
which set is recruited most efficiently to that 
mRNP (35). Of course, endonucleolytic degra- 
dation mechanisms also exist, most notably 
sequence-specific mRNA cleavage by the 
RNA-induced silencing complex (RISC) in 
association with endogenous small interfering 
RNA (siRNA) (5-7). 

The general mRNA decay machinery is 
also required for the elimination of aberrant 
mRNAs containing a premature translational 
stop signal (nonsense mRNA) or lacking a 
translational signal altogether (nonstop mRNA) 
(28, 36). Such defective mRNAs can arise 
through a variety of mechanisms, including 
genetic mutation, missplicing, and premature 
polyadenylation. Their efficient elimination is 
thought to protect cells from the potentially 
deleterious consequences of inappropriately 


terminated proteins. Recognition of nonsense 
and nonstop mRNAs as abnormal requires 
their functional engagement by ribosomes, 
which fail to terminate properly on both non- 
sense and nonstop mRNAs (36, 37). This 
improper termination leads to recruitment of 
the decay machinery, presumably through in- 
teractions with ribosome release factors and/or 
the empty A site tRNA binding pocket on the 
ribosome. In mammalian cells, decay of some 
nonsense mRNAs is quite efficient, occurring 
soon after they emerge from the nucleus and 
are still associated with CBC20/80 (28). 
However, it remains to be determined whether 
this timing is true of all mRNAs or is limited 
to those that immediately engage the transla- 
tion apparatus upon export. 

Consistent with the emerging idea that 
many mRNPs spend their productive lives at 
specific subcellular addresses or in working 
groups with other mRNPs, recent data also 
suggest that mRNPs go to specific places to die. 
In both yeast and mammalian cells, much of 
the mRNA decay machinery is concentrated in 
discrete cytoplasmic foci. These so-called cy- 
toplasmic processing bodies, or ‘“‘P-bodies” 
(PBs), appear to form around aggregates of 
mRNPs not actively involved in translation 
(38). Targeting of mRNPs to these structures 
requires their removal from the translationally 
active pool, one mechanism for which appears 
to be interaction with miRNAs and the RISC 
complex (39). Proof that mRNA decay occurs 
within PBs came with the demonstration that 
mRNA degradation intermediates accumulate 
there upon either general or mRNA-specific 
inhibition of decay (40, 41). 

Whereas PBs may represent the end of the 
line for mRNPs, “stress granules’? (SGs), 
related but distinct structures in mammalian 
cells, serve as temporary retirement homes. 
When mammalian cells are exposed to an 
assortment of environmental stresses, global 
translational arrest of “‘housekeeping”’ tran- 
scripts is accompanied by the formation of 
distinct cytoplasmic structures containing trans- 
lationally inactive mRNPs, 40S ribosomal 
subunits, and the mRNA binding proteins 
TIA-1 and TIAR. Prionlike domains in TIA-1/ 
TIAR are thought to self-oligomerize and 
promote SG assembly (42). Although transla- 
tional arrest upon application of stress is 
widespread, selective translation of heat shock 
proteins, as well as some transcription factors, 
under these conditions allows the cell to repair 
the stress-induced damage while conserving 
anabolic energy. When the stress is relieved, 
SGs disassemble and the sequestered mRNAs 
either return to the translationally active pool 
or are targeted for degradation in PBs (43, 44). 
So far, SGs have not been observed in budding 
yeast. Instead, it has been suggested that S. 
cerevisiae PBs serve dual roles as way stations 
for translationally inactive mRNPs and sites of 
mRNA degradation (38). 


In summary, recent advances have greatly 
heightened our appreciation of the extent to 
which eukaryotic cells regulate gene expres- 
sion at the mRNP level. In some areas, such as 
the control of translation by 4E interacting pro- 
teins, underlying themes have begun to emerge. 
In other areas, such as the spatial localization of 
protein synthesis and the existence of genome- 
wide posttranscriptional regulatory networks, 
we have only begun to scratch the surface. No 
doubt further surprises await discovery along the 
path from birth to death of eukaryotic mRNAs. 
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Ribo-gnome: The Big World of Small RNAs 


Phillip D. Zamore* and Benjamin Haley 


Small RNA guides—microRNAs, small interfering RNAs, and repeat-associated small 
interfering RNAs, 21 to 30 nucleotides in length—shape diverse cellular pathways, 
from chromosome architecture to stem cell maintenance. Fifteen years after the 
discovery of RNA silencing, we are only just beginning to understand the depth and 
complexity of how these RNAs regulate gene expression and to consider their role in 
shaping the evolutionary history of higher eukaryotes. 


In 1969, Britten and Davidson proposed that 
RNAs specify which genes are turned on and 
which are turned off in eukaryotic cells (/). 
Their elegant idea was that the base-pairing 
rules of Watson and Crick could solve the 
problem of eukaryotic gene regulation. With 
the subsequent discovery of protein tran- 
scription factors—there are perhaps 1850 in 
humans—the idea that a diverse array of 
RNA guides sets the expression profile of 
each cell type in a plant or animal was 
abandoned. 

In fact, RNAs—specifically, tiny RNAs 
known as “small RNAs”—do control plant 
and animal gene expression. Distinct classes 
of these small RNAs—microRNAs (miRNAs), 
small interfering RNAs (siRNAs), and repeat- 
associated small interfering RNAs (rasiRNAs)— 
are distinguished by their origins, not their 
functions [see the poster in this issue (2)]. 
One class alone, the miRNAs, is predicted to 
regulate at least one-third of all human genes 
(3). Small RNAs, 21 to 30 nucleotides (nt) 
in length, provide specificity to a remark- 
able range of biological pathways. Without 
these RNAs, transposons jump (wreaking 
havoc on the genome), stem cells are lost, 
brain and muscle fail to develop, plants 
succumb to viral infection, flowers take on 
shapes unlikely to please a bee, cells fail to 
divide for lack of functional centromeres, 
and insulin secretion is dysregulated. The 
production and function of small RNAs 
requires a common set of proteins: double- 
stranded RNA (dsRNA)-specific endonu- 
cleases such as Dicer (4), dsRNA-binding 
proteins, and small RNA-binding proteins 
called Argonaute proteins (5, 6). Togeth- 
er, the small RNAs and their associated 
proteins act in distinct but related “RNA 
silencing” pathways that regulate transcrip- 
tion, chromatin structure, genome integrity, 
and, most commonly, mRNA stability. The 
RNAs may be small, but their production, 
maturation, and regulatory function require 
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the action of a surprisingly large number of 
proteins. 


A Brief History of Small RNA 


In 1990, two groups overexpressed a pigment 
synthesis enzyme in order to produce deep 
purple petunia flowers, but instead generated 
predominantly white flowers (Fig. 1) (7, 8). This 
phenomenon was dubbed ‘‘cosuppression”’ 
because the transgenic and endogenous genes 
were coordinately repressed, and its discovery 
quietly ushered in the study of RNA silencing. 
By the end of the decade, RNA silencing 
phenomena were discovered in a broad spec- 
trum of eukaryotes, from fungi to fruit flies. 
RNA interference (RNAi) is perhaps the best 
known RNA silencing pathway, in part because 
its discovery makes it possible to block ex- 
pression of nearly any gene in a wide range of 
eukaryotes, knowing only part of the gene’s 
sequence (9, 10). Human clinical trials testing 
RNAi-based drugs are currently under way. 

Building on the unexpected finding that 
both sense and antisense RNA could silence 
gene expression in Caenorhabditis elegans 
(/1), the key breakthrough in RNA silencing 
was the discovery that dsRNA is the actual 
trigger of specific mRNA destruction, with the 
sequence of the dsRNA determining which 
mRNA is destroyed (9). Later, the dsRNA 
was found to be converted into siRNAs— 
fragments of the original dsRNA, 21 to 25 nt 
in length, that guide protein complexes to 
complementary mRNA targets, whose expres- 
sion is then silenced (/2—/4). Thus, the actual 
mechanism of RNAi is remarkably like an 
early model for plant cosuppression, which 
postulated that small RNAs derived from the 
overexpressed gene might guide inactivation 
of cosuppressed genes (/5). 

In contrast to siRNAs, which derive from 
dsRNA hundreds or thousands of base pairs 
long, miRNAs derive from long, largely un- 
structured transcripts (pri-miRNA) containing 
stem-loop or “hairpin” structures ~70 nt in 
length [reviewed in (/6)]. The hairpins are cut 
out of the pri-miRNA by the dsRNA-specific 
endonuclease Drosha, acting with its dsRNA- 
binding protein partner DGCR8 in humans or 
Pasha in flies, to yield a pre-miRNA (Fig. 2) 
(2). Each mature miRNA resides in one of the 


two sides of the ~30-base pair stem of the pre- 
miRNA. The mature miRNA is excised from 
the pre-miRNA by another dsRNA-specific 
endonuclease, Dicer, again acting with a 
dsRNA-binding protein partner, the far-binding 
protein (TRBP) in humans or Loquacious 
(Logs) in flies. The April 2005 release of the 
miRNA Registry, an online database that coor- 
dinates miRNA annotation, records 1650 dis- 
tinct miRNA genes, including 227 from 
humans and 21 from human viruses; 1648 of 
these were discovered in the 21st century. 
Whereas siRNAs are found in eukaryotes from 
the base to the crown of the phylogenetic tree, 
miRNAs have been discovered in plants and 
animals and their viruses only. 

Ambros and co-workers discovered the first 
miRNA, Jin-4, in 1993. They identified two 
RNA transcripts—one small and one smaller— 
derived from the /in-4 locus of C. elegans (17). 
Earlier experiments showed that loss-of-function 
mutations in /in-4 disrupted the developmental 
timing of worms, much as did gain-of-function 
mutations in the protein-coding gene /in-14. 
Noting that /in-4 could form base pairs, albeit 
imperfectly, with sites in lin-14, Ambros and 
colleagues proposed that the 22-nt /in-4 regulates 
the much longer /in-14 mRNA by multiple 
RNA-RNA interactions between the miRNA 
and the 3’ untranslated region of its mRNA 
target. This remarkable paper predicted the 
contemporary miRNA pathway, suggesting that 
the longer 61-nt transcript corresponds to a 
precursor RNA that folds into a hairpin structure 
from which the 22-nt mature /in-4 miRNA is 
excised. Eight years later, the prescient observa- 
tion that “‘/in-4 may represent a class of 
developmental regulatory genes that encode 
small antisense RNA products” (17) was amply 
validated by the discovery that miRNAs com- 
pose a large class of riboregulators (/8—23). 

The /in-4 miRNA was discovered 3 years 
after the first reports of RNA silencing in plants 
(7, 8) and 2 years before the first hint of RNAi 
in nematodes (//). However, no formal con- 
nection between miRNAs and siRNAs was 
made until 2001, when Dicer, the enzyme that 
converts long dsRNA into siRNAs (4, 24), was 
shown to convert pre-miRNAs, such as the 
longer 61-nt transcript from /in-4, into mature 
miRNAs, like /in-4 itself (25-27). 

The human genome may contain ~1000 
miRNAs, a few of which may not only be 
unique to humans, but may also contribute to 
making us uniquely human. Recent efforts to 
define the entirety of this small RNA class have 
uncovered 53 miRNAs unique to primates (28). 
Because miRNAs are small, they may evolve 
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rapidly, with new miRNA genes arising by 
duplication and mutation of the 21-nt miRNA 
sequence. 


Small on Specificity 


From the standpoint of binding specificity, small 
RNAs are truly diminutive. A mere six or seven 
of the 21 nucleotides within a miRNA or siRNA 
provide the bulk of binding specificity for the 
small RNA-protein complexes they guide. As 
first proposed by Lai (29), and subsequently 
confirmed computationally (3, 30) and experi- 
mentally for miRNAs (3/-34) and siRNAs 
(35, 36), the 5’ end of a miRNA or an siRNA 
contributes disproportionately to target RNA 
binding. Kinetic and structural studies suggest 
that the first nucleotide of a small RNA guide is 
unpaired during small RNA function (36-38). 
The small region of the small RNA that 
mediates target binding has been called the 
“seed sequence,” a term intended to suggest 
that the region nucleates binding between the 
small RNA guide and its target, and that the 
more 3’ regions of the small RNA subsequent- 
ly zipper-up—if they can—with the 5’ regions 
of the binding site on the target RNA (39). 

In truth, current experimental evidence 
cannot discern the order in which distinct 
regions of the small RNA interact with its 
binding site on the target RNA. Both compu- 
tational and experimental approaches detect 
only the binding contributions of specific small 
RNA regions at equilibrium. But the finding 
that stable binding between the small RNA 
and its target derives from such a small region 
of an already puny RNA oligonucleotide 
implies that the manner in which the small 
RNA interacts with its target is very different 
from antisense oligonucleotide-target RNA 
pairing. This radical and unexpected mode of 
nucleic acid interaction is almost certainly a 
consequence of the way the small RNA—both 
alone and paired to its RNA target—is bound 
by a member of the Argonaute family of pro- 
teins. These multidomain proteins are spe- 
cialized for binding the small RNAs that 
mediate RNA silencing; understanding the 
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relationship of Argonaute protein structure to 
their functions in controlling gene expression 
is now the key to understanding the deeper 
physical meaning of the small RNA “‘seed 
sequence.” 

The small RNAs that act in RNA silencing 
pathways are like fancy restriction enzymes 
whose recognition sites occur at random once 
every ~4000 to ~65,000 nt of sequence. But 
unlike restriction enzymes, which cut DNA 
wherever they bind, small RNAs can act in two 
distinct ways, each of which dramatically 
extends their functional specificity (Fig. 3) (2). 
When a small RNA pairs extensively with its 
RNA target, it directs cleavage of a single 
phosphodiester bond in the target RNA, across 
from nucleotides 10 and 11 of the small RNA 
guide (40). Thus, small RNA-directed cleavage 
is much more specific than small RNA binding 
itself, as it occurs only when most of the 21 nt 
of the siRNA or miRNA can base pair to 
form at least one turn of an A-form helix 
with the RNA target (36, 4/, 42). Even when 
the small RNA is fully complementary to its 
target RNA, cleavage only occurs when the 
RNA is bound to the right Argonaute protein 
(43, 44). In humans, only one of the four 
Argonaute proteins examined in detail retains 
all the amino acids required to catalyze target 
RNA cleavage (45). Argonaute proteins con- 
tain two RNA-binding domains: the Piwi 
domain, which binds the small RNA guide at 
its 5’ end, and the PAZ domain, which binds 
the single-stranded 3’ end of small RNA. The 
endonuclease that cleaves target RNAs resides 
in the Piwi domain, and this domain is a 
structural homolog of the DNA-guided RNA 
endonuclease RNase H (46). Target RNA 
cleavage is commonly viewed as the siRNA 
or RNAi mode, but is actually the dominant 
mechanism by which plant miRNAs regulate 
their targets (47, 48) and is found for at least 
a small number of animal (49, 50) and viral 
miRNAs (51). 

In Drosophila or human cell lysates, small 
RNA-programmed Argonaute2 (Ago2) acts as 
a multiple-turnover enzyme, with each small 
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Fig. 1. A chronology of some of the major discoveries and events in RNA silencing. 


RNA directing the cleavage of hundreds of 
target molecules (36, 52). Small RNA-—directed 
mRNA cleavage cuts an mRNA into two 
pieces, and efficient release of these fragments 
requires adenosine triphosphate (ATP) (36). 
Proteins besides Ago2 may be required for 
release of the products of small RNA-—directed 
target cleavage. In fact, Ago2 alone can direct 
a single round of target cleavage but cannot 
efficiently catalyze additional cycles, likely 
because the cleavage products remain bound 
to the small RNA within the enzyme (45). 
After the cleaved pieces of the target are 
released, the 3’ fragment is destroyed in the 
cytoplasm by the exonuclease Xrn1 while the 
5’ fragment is degraded by the exosome, a 
collection of exonucleases dedicated to 3’-to-5’ 
RNA degradation (53). In plants and animals, 
when miRNAs direct mRNA cleavage, a short 
polyuridine [poly(U)] tail is subsequently 
added to the 3’ end of the 5’ cleavage fragment 
(54). Addition of poly(U) correlates with de- 
capping and 5’-to-3’ destruction of the target 
RNA cleavage fragment, at least in plants, 
suggesting an alternative route to the exosome 
for degradation of the 5’ cleavage product. 
When siRNAs or miRNAs pair only par- 
tially with their targets, they cannot direct 
mRNA cleavage. Instead, they block transla- 
tion of the mRNA into protein (55, 56). How- 
ever, binding of a single miRNA alone is 
usually insufficient to measurably block 
translation; instead, several miRNAs bind to 
the same target—opening the door to combi- 
natorial control of gene expression by sets of 
coordinately expressed miRNAs (39). Initial- 
ly, miRNAs were proposed to repress trans- 
lation at a step after ribosomes have bound 
the mRNA, i.e., after translational initiation 
(55). One idea was that they direct degrada- 
tion of the nascent polypeptide as it emerges 
from the ribosome. Alternatively, they might 
“freeze” ribosomes in place on the mRNA, 
stalling elongation of the growing protein 
chain. Recent findings, however, call these 
ideas into question. For example, translational 
repression by miRNAs was thought to affect 


October 199. 


le prote lar ses 


June 1997 


February 1998 October 1999 
J {rar ¢ rg ute 
NA is dist f ed r RNAI 
tri 
October 1999—March 2000 


TAL A 
} A 


2 SEPTEMBER 2005 VOL 309 SCIENCE 


only protein synthesis, not mRNA stability. 
Yet Lim and co-workers found that miRNAs 
can alter the stability of hundreds of mRNAs 
(57). And Pasquinelli and co-workers have 
now shown that even the founding miRNAs, 
worm /in-4 and let-7, trigger destruction of 
their mRNA targets (58). These changes in 
steady-state mRNA levels are unlikely to 
reflect cleavage of the miRNA targets, because 
the complementarity between the miRNAs and 
their mRNA targets is restricted mainly to the 
seed sequence. How, then, could miRNAs 
make mRNA less stable? New studies offer a 
potential explanation. 

Small RNAs, bound to Ago2, can move the 
mRNAs they bind from the cytosol to sites of 
mRNA destruction called ‘“‘P-bodies” (59, 60). 
Ago2 concentrates in P-bodies only when it 
binds small RNAs like miRNAs and siRNAs; 
Ago2 mutants that cannot bind small RNAs 
remain in the cytosol (59). Moreover, Ago2 
associates with the enzymes that remove the 
5’ 7-methylguanosine cap characteristic of 
mRNAs, a prerequisite for their destruction in 
the P-body (59, 60). It is tempting to imagine 
that this new role for small RNAs, moving an 
mRNA to P-bodies, explains the mystery of 
small RNA-directed translational repression: 
By sequestering mRNA in the P-body, small 
RNAs would block translation. Subsequent 
destruction of the mRNA would then be a 
secondary consequence of relocating the 
mRNA from the cytosol to the P-body, which 
contains no ribosomal components (Fig. 4). 
Binding of a miRNA to the mRNA would not 
alter its inherent decay rate. The steady-state 
abundance of mRNAs that intrinsically turn 
over rapidly would therefore be reduced more 
than that of intrinsically more stable mRNAs 
when each is targeted by small RNA, but the 
translational rate of the two mRNAs would be 
reduced equally. 

Is repression of mRNA translation by 
miRNAs just a consequence of the relocalization 
of the mRNA to the P-body? Filipowicz and 
colleagues argue in this issue of Science that 
translational repression comes first (6/). They 
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show that when bound to an mRNA target, 
human /et-7 miRNA blocks translational initi- 
ation. They propose that the consequence of 
miRNA-directed inhibition of translational ini- 
tiation is relocalization of the mRNA target to 
the P-body. Once in the P-body, the mRNA 
may then be degraded, releasing the miRNA- 
programmed protein complex so it can return to 
the cytosol to begin a new round of target 
mRNA repression (Fig. 4). This pathway is 
presumed to be distinct from the small RNA— 
directed cleavage pathway, in which Ago2 in 
flies or mammals first cleaves a single phos- 
phodiester bond in the mRNA target, and then 
the 5’ cleavage product is degraded by the 
exosome without obligate decapping. 

Do all miRNAs repress gene expression? At 
least one human miRNA appears to act posi- 
tively. Replication of hepatitis C virus (HCV) 
requires binding of human miR-122 to the 5’ 
noncoding region of the virus (62). Thus, for 
HCV, miR-122 acts as an enhancer of replica- 
tion, and only cells expressing miR-122 support 
efficient HCV replication. Whether the positive 
effect of miR-122 on HCV is unique or rep- 
resents an undiscovered mode of miRNA 
action remains unknown. 


Aberrant, Unwanted 


RNAi has been implicated in silencing parasitic 
DNA sequences, such as transposons and 
repetitive sequences. In many organisms, a 
specialized RNA silencing pathway senses 
the “aberrant RNA” transcribed from such se- 
quences, and then initiates silencing posttran- 
scriptionally and even transcriptionally. A 
candidate for an aberrant RNA sensor is a 
class of RNA silencing proteins that can copy 
single-stranded RNA into dsRNA. These 
RNA-dependent RNA polymerases (RdRPs) 
are found in nearly every eukaryote with a 
functioning RNA silencing pathway—except 
insects and mammals. In addition to initiating 
silencing responses from single-stranded trig- 
ger RNAs, RdRPs have been proposed to 
amplify and sustain silencing triggered by 
dsRNA. How RdRP enzymes distinguish 
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between normal and aberrant transcription 
remains a key mystery of RNA silencing. 


Meanwhile, Back in the Nucleus 


RNA-directed transcriptional silencing was first 
identified in plants, where dsRNA corre- 
sponding to nontranscribed sequences can 
direct DNA methylation and transcriptional 
repression (63, 64). Genetic studies in worms, 
plants, and Schizosaccharomyces pombe im- 
plicate small RNAs and the canonical compo- 
nents of the RNA silencing machinery— 
RdRP, Dicer, and Argonaute—in transcription- 
al silencing (65—70). Components of the RNAi 
machinery are also required for transcriptional 
silencing in flies (7/, 72). Transcriptional 
silencing directed by small RNAs is typically 
associated with the formation of hetero- 
chromatin, a transcriptionally repressed, com- 
pact form of chromatin in which the amino 
terminus of histone H3 is modified by 
methylation at lysine 9 (‘““H3K9”’). In some 
organisms, such as plants and mammals, 
heterochromatic DNA is also hypermethylated. 
In Tetrahymena, small RNA-directed hetero- 
chromatin formation drives the deletion of 
specific regions of chromosomal DNA in the 
macronucleus (73, 74). 

A well-studied example of siRNA-directed 
assembly of heterochromatin is the outer regions 
of the centromere in S. pombe. Without this 
heterochromatin, S. pombe centromeres cannot 
reliably mediate chromosome segregation dur- 
ing cell division. Such a role for the RNA 
silencing machinery in assembling centromeric 
heterochromatin may be quite common, as 
chicken and mouse cells lacking Dicer also fail 
to assemble silent heterochromatin at their 
centromeres (75, 76). 

Repetitive, transposon-like sequences com- 
pose the outer regions of the S. pombe cen- 
tromere. Mammalian centromeres likewise 
comprise repetitive sequences. Thus, how the 
RNA silencing machinery silences centromeric 
repeats may be just an example of the broader 
question of understanding the mechanism by 
which the RNA silencing machinery detects 
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and silences repetitive sequences. A coherent 
but speculative model of small RNA-directed 
transcriptional silencing emerges from recent 
studies in both S. pombe and plants. Transcripts 
from genomic regions to be targeted for silenc- 
ing must first be converted to dsRNA. RdRPs 
have been assigned this role. Mutation of 
catalytically essential amino acids demonstrates 
that the polymerase activity of Rdp1, the sole S. 
pombe RdRP enzyme, is required for centro- 
Nucleus meric silencing (77), but what template RNA is 

. copied by the RdRP has not been directly 
) ea established in any organism. The dsRNA en- 

Cytoplasm visioned to be generated by the RdRP must next 
be converted to siRNAs, presumably by Dicer. 
In plants, distinct RdRP and Dicer paralogs 
are devoted to separate RNA silencing path- 
ways, with RDR2, the RdRP, collaborating 
with DCL3, the Dicer, to generate siRNAs that 
target repetitive sequences for both cytosine 
and H3K9 methylation (68). Presumably the 
double-stranded siRNAs thus generated are 
unwound and the resulting single strands loaded 
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What does it mean when we propose that 
Fig. 2. A day in the life of the miRNA miR-1. In developing cardiac tissue, the transcription factors SRF ee 


(serum response factor) and MyoD promote RNA Pol II-directed transcription of pri-miR-1. In the ae guide modifying nee a” DNA, 
nucleus, the RNase III endonuclease Drosha, together with its dsRNA-binding partner, Pasha/DGCR8, converting it to heterochromatin? Do we imag- 
excises pre-miR-1 from pri-miR-1, breaking the RNA chain on both the 5’ and 3 sides of the pre-miR-1 _ ine that the siRNAs pair directly with single- 
stem, leaving a ~2-nt, single-stranded 3’ overhang end. Exportin 5 recognizes this characteristic pre- stranded DNA, somehow separating the two 
miRNA end structure, transporting pre-miR-1 from the nucleus to the cytoplasm. In the cytoplasm, a _ strands of the chromosomal DNA, as proposed 
second RNase Ill endonuclease, Dicer, together with its dsRNA-binding partner protein, Loqs/TRBP, : : 9 

makes a second pair of cuts, liberating miR-1 as a “miRNA/miRNA*” duplex. Mature, 21-nt long miR-1 by Eee aud Davidson) | Onde de ie 
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guides the Argonaute protein to its target RNAs, such as the 3’ untranslated region of the hand2 centromeric silencing in S. pombe (79)? This 
mRNA. Binding of the miR-1-programmed Argonaute protein represses production of Hand2 pro- | second model is comforting because it imag- 
tein, halting cardiac cell proliferation. ines that siRNAs interact with RNA in both 
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covered, typically act by this mode because they are only partially complementary to their mRNA targets. The seed sequence of the small RNA guide is 
highlighted in blue. 
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transcriptional and post- A 
transcriptional silencing, 
but it requires transcrip- 
tion across regions of 
DNA that were thought 
to lie untranscribed, such 
as promoters or intragenic 
regions. In plants, “‘tran- 
scriptionally silenced” 
DNA appears to be tran- 
scribed by a specialized 
type of DNA-dependent 
RNA polymerase, RNA 
polymerase IV (Pol IV) 
(80-82). RNA Pol IV 
may be specially adapted 
to transcribe silent hetero- 
chromatin, thereby pro- 
viding a constant source 
of primary transcript to 
act as template for the 
RdRP and hence gener- 
ating the dsRNA sub- 
strate required for Dicer 
to manufacture siRNAs 
(80). The model is appeal- 
ing because it explains 
why siRNAs persist even 
after they have silenced 
the gene from which they 
arise. 

Pol IV might also sup- 
ply the transcripts that 
provide a scaffold for 
siRNA-guided chromatin 
modification complexes 
to act on the adjacent 
DNA. Pol IV enzymes, 
however, occur only in 
plants; in S. pombe, for- 
mation of silent centro- 
meric heterochromatin requires the classical 
RNA Pol II (83, 84). This finding suggests 
that RNA Pol II may supply transcripts re- 
quired for the production of the siRNAs them- 
selves. For some S. pombe loci, perhaps even 
RNA Pol I provides these transcripts (85). Yet 
Pol II is required when the initial trigger of 
silencing is provided in trans—for example, 
by initiating silencing with a double-stranded 
hairpin—which suggests that Pol II transcrip- 
tion creates the target for the small RNAs 
as well as the trigger for small RNA pro- 
duction (84). Transcription per se is not suf- 
ficient; instead, a direct interaction between the 
carboxyl-terminal domain of Pol II and the RNA 
silencing machinery appears to help recruit the 
Argonaute protein, but only when loaded with 
siRNA, to the DNA (84). 

These findings suggest that siRNAs inter- 
act directly with DNA and that siRNA-guided 
complexes can find their cognate DNA- 
binding sites only in the short interval during 
transcription of a sequence when the DNA is 
unpaired; when the DNA pairs again behind 


o 


Ap--AAAA** 


pppG7m 


ae | 40S 


Translation 


the polymerase, the site becomes inacces- 
sible to the siRNA. However, most current 
data are also consistent with siRNAs binding 
nascent transcripts themselves, but in a 
manner that requires their being loaded on 
these sites by virtue of their association, 
through proteins, with RNA Pol II. Perhaps 
for genes transcribed by RNA Pol I (85), a 
similar protein-protein interaction allows 
the Argonaute-bound siRNA to follow closely 
behind the polymerase as it traverses the 
“‘silenced”’ gene. 


Yet More RNA Polymerization, Just to 
Destroy RNA? 


Template-dependent RNA polymerases are not 
the only RNA polymerases implicated in RNA 
silencing. Members of the polymerase B nucleo- 
tidyltransferase superfamily of proteins are 
required for RNA silencing in worms and fission 
yeast. This protein superfamily encompasses 
enzymes that either add polyadenosine to the 3’ 
end of RNA [poly(A) polymerases] or use ATP 
to make 2’-5’ polymers of adenosine mono- 


Fig. 4. A speculative model for translational repression by small RNAs: sequestration of a highly stable mRNA in the P-body. 
Binding of a small RNA-programmed Argonaute protein (red) to an mRNA blocks translational initiation, driving the mRNA into a 
P-body, the cytoplasmic site of mRNA decapping and degradation. Sequestering an mRNA in a P-body further excludes it from 
ribosomes, so it cannot be translated into protein. In (A), the mRNA is imagined to be degraded slowly in the P-body, so the 
miRNA appears only to repress translation. It is unknown whether mRNAs, once moved to the P-body by the binding of a small 
RNA, can ever return to the cytoplasm and resume translation. In (B), the mRNA is envisioned to be inherently prone to rapid 
degradation. Binding of an Argonaute-bound small RNA to an mRNA moves the mRNA to the P-body, where the decapping 
enzyme, Dcp1/2, is envisioned to remove its 7-methyl guanosine cap, triggering its destruction by the 5’-to-3’ exonuclease 
Xrn1. For the mRNA in (A), small RNAs appear to repress its translation without appreciably altering its steady-state 
abundance, whereas in (B), small RNAs appear to target the mRNA for exonucleolytic destruction, yet in both cases small RNAs 
change the cellular compartment in which the mRNA resides. 


phosphate (2’-5’ oligoadenylate synthases). In 
worms, mutations in conserved residues in the 
nucleotidyltransferase domain of RDE-3 disrupt 
RNAi, suggesting that adenosine polymers may 
play a direct role in RNA silencing (86). In 
fission yeast, the putative nucleotidyl transfer- 
ase Cid12 is required for heterochromatin 
assembly by the RNA silencing pathway (79). 
Cid12, a putative helicase protein, and Rdp1, 
the S. pombe RdRP, form a complex implicated 
in siRNA production. This complex also 
contains noncoding RNAs transcribed from 
centromeric DNA, the primary target of 
heterochromatin assembly in fission yeast, 
consistent with the idea that these noncoding 
transcripts act as templates for Rdpl, which 
may convert them into dsRNA, which in turn 
could be converted to siRNA by Der1, thereby 
triggering RNA silencing. But what do Cid12 
and RDE-3 do? These enzymes may play a 
direct role in RNA silencing; a poly(A) tail 
synthesized by Cid12 may recruit enzymes that 
mediate heterochromatin-specific modifications 
to transcripts under surveillance by the RNA 
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silencing machinery (79). Alternatively, Cid12 
and Rdp1 may be components of a common 
surveillance complex—and hence dependent on 
each other for their stability. This complex 
would contain components of two separate 
pathways that protect cells against “aberrant 
RNA”’—transcripts that are misfolded, in- 
correctly spliced, or damaged such that they 
encode truncated proteins. Favoring this view, 
the budding yeast protein Trf4p, another po- 
lymerase 8 nucleotidyltransferase, adds poly(A) 
tails to misfolded tRNAs and to aberrant 
mRNAs, targeting them for destruction by the 
nuclear exosome, a complex of RNA-degrading 
enzymes (87-89). Use of a poly(A) tail as a 
degradation signal, rather than as a stabilizing 
feature that promotes mRNA translation, may 
be quite ancient, as bacteria use poly(A) tails to 
target RNA for destruction. 


Stem Cells 


Epigenetic marks play an important role in stem 
cells, which must divide to yield a daughter cell 
that differentiates and another that regenerates 
the original stem cell. RNA silencing has 
emerged as a vital regulatory mechanism for 
maintaining normal stem cell pools. Mice 
lacking Dicer die at embryonic day 7.5, devoid 
of Oct-4-expressing cells (90); in mammals, 
Oct-4 marks stem cell lineages. At least four 
genes in the RNA silencing pathway are 
required for germline stem cell function in 
Drosophila melanogaster. Piwi, an Argonaute 
protein, is required both to maintain female 
germline stem cells and to promote their pro- 
liferation (97). Dicer-1, which makes miRNAs 
and perhaps other types of small RNAs, and its 
dsRNA-binding protein partner, Logs, are both 
required for normal germline stem cell func- 
tion. In the fly ovary, germline stem cells 
lacking Dicer divide slowly, dramatically re- 
ducing the number of eggs generated (92). In 
contrast, in females mutant for Logs in both 
the soma and the germ line, germline stem 
cells are lost, either because they die or be- 
cause they differentiate into oocytes without 
replenishing the stem cell pool (93). It re- 
mains to be established whether these defects 
reflect loss of miRNAs (which require the 
coordinate action of Dicer-1 and Logs for 
their maturation), loss of silent heterochro- 
matin, or both. 

Flies lacking Ago2 contain fewer pole cells, 
the germline stem cell progenitors, than do wild- 
type flies (94). The case of ago2 mutants is 
particularly instructive, because loss of Ago2— 
like loss of the very first Argonaute protein 
implicated in RNA silencing, worm RDE-1 
(5)—was originally reported to cause no cel- 
lular defects except loss of an RNAi response 
to exogenous dsRNA (95). Closer examination 
revealed that many aspects of early embryo- 
genesis are defective, yet the flies somehow 
compensate and survive (94). In particular, 
ago2 mutants show defects in chromosome 


condensation, nuclear division, spindle assem- 
bly, and nuclear timing, all perhaps caused by a 
loss of heterochromatin assembly normally 
guided by an RNA silencing pathway. It re- 
mains to be shown if Ago2 acts directly in the 
assembly of heterochromatin by the RNA 
silencing pathway, or if components common 
to the RNAi and transcriptional silencing path- 
ways become unstable in the absence of Ago2 
protein. But these results underscore the guid- 
ing principle of small RNA function: Small 
RNAs play a very big role in nearly every 
cellular process. 
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It’s a Small RNA World, After All 


Matthew W. Vaughn and Rob Martienssen 


Small RNAs (sRNAs) can regulate transcript and protein abundance. Previously, they 
have been identified using traditional cloning approaches, which has limited how 
many could be characterized. Now, the Meyers and Green laboratories have used 
massively parallel signature sequencing technology to find over 1.5 million sRNAs in 
Arabidopsis thaliana. These new sRNAs reveal a greater-than-expected potential role 
for sRNAs in gene regulation, preferential expression or usage of sRNAs in flowers, 
and the prospect of targeted sRNA-mediated regulation of pseudogenes. In addition, 
new plant microRNAs have been identified, some of which may be unique to 


Arabidopsis. 


Small RNAs (sRNAs) are 20- to 26-nucleotide 
noncoding RNAs that regulate transcript and 
protein abundance via multiple mechanisms 
(J, 2). MicroRNAs (miRNAs) are generated 
by endonucleolytic cleavage of hairpin precur- 
sor transcripts by Dicer ribonuclease (RNase) 
IIHike proteins and can direct the cleavage of 
target transcripts by Argonaute RNAse H-like 
proteins in a sequence-specific manner. miRNAs 
can also inhibit translation of target mRNAs. 
Small interfering RNAs (siRNAs) are gener- 
ated by Dicer-mediated processive cleavage of 
double-stranded RNA (dsRNA). They can di- 
rect cleavage of other transcripts and can also 
promote second-strand synthesis by RNA- 
dependent RNA polymerase (RdRP), resulting 
in dsRNAs. In addition, siRNAs are impli- 
cated in recruiting heterochromatic modifica- 
tions that result in transcriptional silencing. 
Previously, sRNAs have been identified by 
means of painstaking cloning and sequencing 
techniques, and as a result, only a few thousand 
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Fig. 1. The distribution of distinct sSRNA matches in the Arabidopsis genome. 
(A) Pie charts represent the distribution of distinct sRNA sequence 
signatures matching different components of the genome, rather than 
the abundance of each class of sRNA. The pie charts are scaled to indicate 
the greater number of distinct signatures in inflorescence relative to 
seedling RNA. (B) Distinct signature sequences for each annotated class are 
grouped according to their density: Sparse clusters have only a few sig- 
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have been identified. A recent study from the 
laboratories of Green and Meyers (3) describes 
the use of massively parallel signature se- 
quencing (MPSS) technology to identify over 
1.5 million sRNAs from Arabidopsis thaliana, 
representing over 75,000 distinct sequences. 
They report that many more genes may be 
under the control of sRNAs than had been 
previously imagined. 

In Arabidopsis, current estimates predict 
that 2% of genes may be under miRNA con- 
trol (4), but the number of genes that might be 
regulated by siRNAs is not known. siRNAs 
are known to participate in RNAi-mediated 
silencing of repeats and transposable elements 
(TEs) (5), so it was no surprise that the 
majority of sRNA sequences matched repeats 
and that most annotated repeats and TEs 
matched abundant sRNAs (3). Most of the 
remaining sRNA sequences came from inter- 
genic regions (IGRs), including those derived 
from miRNAs, which is consistent with 
previous studies on a much smaller scale (6). 
Interestingly, 4000 protein-coding genes (15% 
of genes in the genome) and several hundred 


pseudogenes matched at least one sRNA per- 
fectly, presumably corresponding to siRNAs 
(miRNAs usually match imperfectly). How- 
ever, most of these genes matched only one 
siRNA, and only a few percent of the total 
sRNA sequences were from genes. It is pos- 
sible therefore that many other genes may 
have matches that went undetected. 

The number of distinct sRNA sequences for 
each class of genomic sequence (IGRs, TEs, and 
so forth) was calculated by Lu et al. and is shown 
in Fig. 1. The sRNA library from flower tissues 
contained over twice as many unique sRNAs as 
the one derived from 14-day-old seedlings, and 
much of that additional complexity came from 
IGRs. Lu et al. offer two possible explanations 
for this observation. The first is that TEs might 
be more strongly silenced in plant germline 
tissues. Consistent with this possibility, retro- 
transposons matched disproportionally more 
sRNAs in flowers than in seedlings (Fig. 1A). 
So perhaps the IGRs contain numerous cryptic 
retroelements that are more strongly silenced in 
flowers. The second proposed explanation for 
floral sRNA enrichment is that inflorescences 
contain a greater diversity of cell types than 
seedlings. Presumably these additional cell types 
express a wider variety of genes that could 
generate or be affected by sRNAs (7). Consist- 
ent with this data, 1.4-fold more genes are 
expressed in flowers than in seedlings, and some 
of these genes could be directly generating 
sRNA signatures (8). However, the IGRs are 
fourfold enriched in sRNA in flowers. What 
could be the source of these preferentially 
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natures (though these can be abundant in the case of intergenic miRNA), 
whereas dense clusters have many distinct signatures per kilobase and are 
enriched in repeats as compared to genes and intergenic regions. 
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expressed sequences? We know from whole- 
genome transcription tiling arrays that IGRs are 
rich with undescribed transcriptional units (9). 
These transcripts probably represent a mixture 
of unannotated protein coding genes and pseu- 
dogenes, members of unknown or sequence- 
divergent transposon families, transcribed repeats, 
and miRNAs. 

The physical distribution of sRNAs reveals 
more about the composition of the IGRs. Lu 
et al. classify sRNAs as belonging to sparse, 
moderate, and dense clusters in the genome, 
where sparse clusters have 1 to 10 distinct 
sRNA matches within 500 base pairs (bp) and 
probably represent miRNA homology. Moder- 
ate clusters have 11 to 20 matches per 500 bp, 
whereas dense clusters contain >20 distinct 
sRNA matches. Centromeric repeats and TEs 
are enriched relative to genes in moderate and 
dense clusters. In contrast, IGRs are only 
slightly enriched in moderate and dense 
clusters, suggesting that centromeric repeats 
and TEs are not the predominant source of 
sRNAs in these domains (Fig. 1B). However, 
there are several hundred moderate and dense 
clusters in the IGRs. Because of their potential 
to prime iterative rounds of RdRP-mediated 
siRNA production and their robust association 
with previously cloned sRNA sequences (/0), 
complex tandem repeats, which make up 
around 15% of the intergenic portion of the 
genome, merit special consideration as a 
potential source for these clusters. Lu et al. 
report a good correlation between tandem 
repeats and the presence of sRNAs. Tandem 
repeats have been implicated in several epige- 
netic phenomena, including imprinting and 
paramutation (//, 12), and sRNAs derived 
from tandem repeats could be involved in 
regulating germline-specific genes. 

Currently, 118 miRNAs are described in 
Arabidopsis that may regulate on the order of 
700 genes (/3). However, many genes that 
are not known or predicted targets of these 
miRNAs are up-regulated in RNAi-defective 
mutants (/4), suggesting that additional 
miRNAs remain undiscovered. The sparse 
cluster component of IGRs reported by Lu 
et al. may contain many such miRNAs. To 
investigate this possibility, a set of computa- 
tional filters was used to capture most known 
miRNAs from the MPSS data, as well as 
potentially undescribed miRNAs, and _ these 
sequences were used to probe Northern blots 
of seedling and floral RNA from the rdr2 
mutant, which is defective for an RNA- 
dependent RNA polymerase that is responsible 
for producing most heterochromatic siRNAs. 
For several candidates, the sRNAs were found 
to be independent of RDR2, suggesting that 
they were previously undescribed miRNAs. 
Some of the candidate miRNAs were not found 
in the rice genome, suggesting that only the 
most deeply conserved miRNAs have thus far 
been identified in Arabidopsis. 


In plants, miRNAs act similarly to siRNAs 
in that they guide the cleavage of gene tran- 
scripts (/5). Recently, a class of transitive 
miRNA-mediated regulation has been de- 
scribed. In these cases, miRNA-facilitated 
cleavage directs the recruitment of an RNA- 
dependent RNA polymerase to generate 
dsRNAs, which are in turn processed into 
siRNAs. These siRNAs are able to transitively 
regulate other matching transcripts by recog- 
nizing sequences outside the original miRNA 
binding site and are thus called trans-acting 
siRNAs (or ta-siRNAs) (/4). In all character- 
ized instances of transitive RNAi, the primary 
transcript recognized by the miRNA is a 
noncoding gene, but in principle this mecha- 
nism could occur for any miRNA target. Lu 
et al. examined this possibility by looking 
for evidence of siRNAs generated from 61 
known or predicted miRNA target genes. 
Except for PPR repeat genes (which have 
tandem repeats in their coding sequences), 
most miRNA targets exhibited little or no 
evidence of siRNA production, indicating that 
transitive RNAi occurs only in special in- 
stances, if at all. However, many ta-siRNA 
precursors were not annotated as transcriptional 
units in the Arabidopsis genome before they 
were discovered, and more may lie undis- 
covered in the MPSS data. 

Finally, nearly one in two annotated pseu- 
dogenes matched sRNAs, even when known 
TEs (an abundant source of pseudogenes) were 
excluded from the analysis. Only one in six 
genes matched sRNAs, suggesting that pseu- 
dogenes may be targeted specifically. What 
might the mechanism be? Expressed pseudo- 
genes containing premature stop codons are 
expected to trigger nonsense-mediated decay 
(NMD) (/6). However, the possibility that pseu- 
dogene sRNA sequences were RNA degrada- 
tion products was excluded, because sRNA 
sequences derived from highly expressed 
genes with high turnover rates were not over- 
represented. Instead, RNAs that experience 
premature termination may become substrates 
for RNAi through NMD. In most species, 
exonucleases are responsible for degrading 
mRNAs as part of the normal turnover process 
(16). In Drosophila, however, an unidentified 
endoribonuclease cleaves the nonsense tran- 
script near the site of the premature termination 
codon (/7). This may initiate RNAi-mediated 
degradation because the 5’ and 3’ ends of the 
cleavage products will be missing a polyAt 
tail and 5’ cap, respectively, resembling aber- 
rant transcripts which are thought to be tar- 
geted by RNAi (J). 

Regardless of mechanism, if the 20- to 24- 
nucleotide RNAs generated from Arabidopsis 
pseudogenes are bona fide sRNAs, they could 
act transitively on transcripts from paralogous 
protein-coding genes by promoting cleavage or 
interfering with translation. More than half of 
the pseudogene sRNAs matched sequences 


elsewhere in the genome, indicating that this 
may be the case and suggesting a mechanism 
for coordinated trans-acting regulation of 
closely related members of gene families. This 
may also provide a mechanism for the origin 
of ta-siRNA, whose noncoding precursor RNA 
may be derived from ancient pseudogenes that 
are no longer recognizable except for the 
sRNA homology (/4). 

What about sRNAs from genes? Small 
RNAs corresponding to heterochromatic trans- 
posons and repeats have been associated with 
chromatin modifications in the fission yeast 
Schizosaccharomyces pombe and with DNA 
methylation in plants, and the abundance of 
sRNAs from transposons and repeats supports 
a role in heterochromatic silencing (/8). A 
significant proportion of genes in Arabidopsis 
also have some DNA methylation, although it 
is relatively sparse and is clustered near the 3’ 
end of the genes (/9, 20). However, our pre- 
liminary analysis indicates that partially meth- 
ylated genes reported in microarray studies are 
not enriched in sRNAs, so that the role of 
sRNA from genes remains a mystery. Excep- 
tions include PA/I and PAI2, which have 
dense clusters of siRNA and are subject to 
RNA-dependent DNA methylation (3, 2/). 

MPSS and other high-throughput sequenc- 
ing technologies have the power to reveal the 
prevalence of sRNAs from essentially every 
class of sequence in the genome. Given that 
components of the RNAi machinery are 
found in almost all eukaryotes and many 
archaebacteria, the possibility of an early 
sRNA world is one that will receive attention 
in the future. 
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The Functional Genomics of Noncoding RNA 


John S. Mattick 


Large numbers of noncoding RNA transcripts (ncRNAs) are being revealed by comple- 
mentary DNA cloning and genome tiling array studies in animals. The big and as yet largely 
unanswered question is whether these transcripts are relevant. A paper by Willingham 
et al. shows the way forward by developing a strategy for large-scale functional screening 
of ncRNAs, involving small interfering RNA knockdowns in cell-based screens, which 
identified a previously unidentified ncRNA repressor of the transcription factor NFAT. It 
appears likely that ncRNAs constitute a critical hidden layer of gene regulation in complex 
organisms, the understanding of which requires new approaches in functional genomics. 


Recent large-scale studies of the human and 
mouse transcriptomes have used both cDNA 
cloning approaches (/—3) and the interroga- 
tion of genome tiling arrays (4-6). The sur- 
prising but consistent finding of these studies 
has been that a huge number of observed 
transcripts—about half of the total—do not 
appear to encode proteins. Many of these 
transcripts appear to be developmentally reg- 
ulated (/, 4), and similar findings have been 
reported in Drosophila 

(7). The big and as yet 


essential for cell viability, one repressor of 
Hedgehog signaling, and one (termed NRON) 
that acts as a repressor of the transcription 
factor NFAT, which is itself required for T- 
cell receptor-mediated immune response and 
the development of the heart, vasculature, 
musculature, and nervous tissue. 

Detailed analysis of NRON showed that 
this ncRNA, which has two blocks of near- 
perfect conservation between humans and 


interacts directly or indirectly with 11 proteins, 
including three members of the importin-beta 
superfamily, which mediate the nucleo- 
cytoplasmic transport of cargoes such as 
NFAT. siRNA knockdown of four of these 
proteins (including importin—beta 1) activated 
NFAT activity, whereas overexpression of 
these proteins repressed NFAT activity, as 
did siRNAs directed against NRON. More- 
over, binding and ribonuclease protection 
experiments supported a direct association of 
NRON with importin—beta 1, which itself is 
known to associate with some of the other 
proteins that were identified as interacting with 
NRON (8). 

These observations suggest that NRON 
may act as a modulator of NFAT nuclear traf- 
ficking, probably by regulating its subcellular 
location, a conclusion supported by the obser- 

vation that NFAT nuclear 
localization is increased 
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largely unanswered ques- protein miRNAs when the level of NRON 
tion is whether these non- i snoRNAs | Targets? — is reduced by siRNA (8). 
coding RNAs (ncRNAs) — a =S others? The broader conclusion is 
are meaningful or simply 5’-UTR t 3’-UTR that NRON may act as a 
represent “transcriptional intron scaffold for the assembly 
; : eo7~ exon U--~< ; 
noise” (Fig. 1). A study by ae —_ of protein complexes that 
Schultz, Hogenesch, and j aa j ‘ p ; regulate nuclear trafficking 
colleagues (8) begins to OAPAMA aA AN of this and probably other 
answer this question by de- _ ea ; important transcription fac- 


veloping a strategy for large- 
scale functional screening 
of ncRNAs. 


tors, opening a new di- 
mension of organizational 
control in cell biology and 
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Willingham eft al. (8) 
selected 512 ncRNA se- 


thers? 
\ fe) 


Various functions 


quences from the RIKEN i 
Fantom2 mouse cDNA col- 
lection (J, 9) that showed 
significant conservation 
with human genomic se- 
quences and constructed 
small interfering RNAs 
(siRNAs) (two each, ex- 
pressed as short hairpin 
RNAs) against the human 
orthologs of these se- 
quences. These siRNAs 
were then used to interrogate a battery of 12 
cell-based assays representing key cellular 
processes and signaling pathways, with the use 
of reporter assays in microtiter plates (/0). 
They identified eight functional ncRNAs: six 
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¢ Phenotypes of knockdowns and overexpression? 
¢ Developmental and physiological expression? 

¢ Subcellular localization? 

¢ Targets? Interacting molecules? 


Fig. 1. The complexity of transcription of protein-coding (blue) and noncoding (red) RNA 
sequences. Transcripts may be derived from either or both strands, and they may be 
overlapping and interlaced (2, 3, 6, 77, 72). Many transcripts (including some noncoding 
transcripts) are alternatively spliced. Both exons and introns may transmit information. 
Many miRNAs and all small nucleolar RNAs in animals are sourced from introns [see (73) 
for a review]. The range of types and functions of noncoding RNAs is unknown. 


mice but no substantial open reading frame, 
is enriched in placenta, muscle, and lymphoid 
tissues and exhibits a distinct tissue-specific 
distribution of splice variants, suggesting 
subtle but biologically relevant differences 
in its function in different tissues (8). By 
tagging NRON with an RNA hairpin that is 
bound by the MS2 phage protein, followed 
by affinity chromatography of whole-cell 
extracts, the authors showed that NRON 


development. 

This elegant study not 
only points the way ahead 
but also illustrates the mag- 
nitude of the task that is in 
front of us, which may be 
an equal or greater chal- 
lenge than that we already 
face in working out the 
biochemical function and 
biological role of all of 
the known and predicted 
proteins and their isoforms. 
The cDNA and genome 
tiling array studies have indicated not only that 
there are tens of thousands of ncRNA tran- 
scripts (both polyadenylated and nonpoly- 
adenylated) expressed from the mammalian 
genome in different cells and tissues but also 
that these transcripts comprise a complex 
interlaced and overlapping network from both 
strands, whereby even a single nucleotide may 
be part of multiple differently processed tran- 
scripts (2, 3, 6, 11, 12). 
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Ascribing function to these ncRNAs will 
not be simple, nor occur quickly, given that 
this will require in vivo and in vitro assays, the 
interpretation of which will be compromised 
by ambiguity in the former (for example in 
discriminating between mutations that affect 
cis-acting regulatory sequences and those that 
affect functional trans-acting RNAs) and in both 
cases by the ability to detect a phenotype when 
the expression of targeted ncRNA sequences 
is altered by siRNA-mediated knockdown or 
ectopic expression. Only 8 of 512 ncRNAs 
showed function in the assays undertaken by 
Willingham et al. (8), although this is not a 
bad rate of return given the limited scope of 
these assays. Nonetheless, these initial findings 
will have a big impact, because they reveal the 
involvement of hitherto unsuspected ncRNAs 
in already intensively studied pathways such 
as Hedgehog signaling and nuclear trafficking. 
Notably, genome tiling array studies have also 
revealed unknown transcript and splice variants 
of sonic hedgehog (11), indicating just how 
much remains to be done. 

The selection of phenotypic assays may be 
guided by other studies, such as the analysis of 
the patterns of expression and the subcellular 
location of the ncRNAs under analysis, as is 
already routinely done for proteins with un- 
known functions. Indeed, most would regard 
tissue-specific expression as a reasonable prima 
facie indicator of function. On the other hand, 
faced with the uncomfortable implications of 
large numbers of such RNAs and the evidence 
that many are expressed only at low levels, 
others may suggest that these RNAs are merely 
transcriptional noise from illegitimate pro- 
moters, which may be variable in different cells, 
because of, for example, different chromatin 
architectures, although it also seems likely that 
chromatin architecture is itself controlled by 
RNA signaling (/3, /4). 

Notably, evolutionary conservation may not 
be a reliable signature of functional ncRNAs. 
The ncRNAs selected by Willingham et al. 
were those that were most highly conserved 
between humans and mouse, a reasonable fil- 
ter given that conservation is normally a good 
indicator of function. However, the reverse— 
i.e., that lack of conservation indicates lack of 
function—is not necessarily true. Sequence 
conservation is normally mandated by the 
preservation of structure-function relationships 
(as in proteins) and/or multilateral interactions 
(as in ribosomal RNA). If many of these 
newly discovered ncRNAs are regulatory, as 


one might reasonably suppose them to be, 
they may have quite different evolutionary 
constraints. Many microRNAs (miRNAs)— 
small 20- to 25-nucleotide RNAs that control 
many aspects of plant and animal develop- 
ment by sequence-specific interactions with 
other RNAs—are highly conserved (and have 
been mainly identified on this basis), but these 
appear to be central regulators that have many 
targets (making covariation difficult) and there 
are likely to be many more that are not so 
constrained (/3). 

This possibility is supported by a recent 
study that did not require substantial evolu- 
tionary conservation and (thereby) identified 
many new human miRNAs, a significant 
number of which appear to be primate specific 
(15). The number of known human miRNAs 
stands at well over 1500 and is rising rapidly 
(13, 15, 16). Sensitive genetic screens in Cae- 
norhabditis elegans have also identified rare 
miRNAs with limited evolutionary conserva- 
tion such as /ys-6, which is required for left- 
right neuronal patterning, suggesting that many 
more remain to be found (/7). Moreover, a 
number of well-studied ncRNAs are poorly 
conserved, such as XIST, which controls X- 
chromosome inactivation in mammals, and 
Air, a ncRNA of over 100 kb that is involved 
in imprinting of the /gf2r locus in mouse 
(18, 19). All of these considerations suggest 
that many ncRNAs are evolving quickly (by 
drift under mild negative selection or under 
positive selection for the rewiring of regulato- 
ry circuitry in phenotypic radiation) and that 
those that have been identified (or prioritized 
for study) on the basis of evolutionary con- 
servation are probably just the tip of a very 
large iceberg. Nonetheless, there is considera- 
ble scope for using more sophisticated bio- 
informatic approaches, including intragenomic 
sequence matching. 

It is also clear that the majority of the 
genomes of animals is indeed transcribed (/2), 
which suggests that these genomes are either 
replete with largely useless transcription or 
that these noncoding RNA sequences are 
fulfilling a wide range of unexpected functions 
in eukaryotic biology. These sequences in- 
clude introns (Fig. 1), which account for at 
least 30% of the human genome but have been 
largely overlooked because they have been 
assumed to be simply degraded after splicing. 
However, it has been shown that many 
miRNAs and all known small nucleolar RNAs 
in animals are sourced from introns (of both 


protein-coding and noncoding transcripts) 
(/3), and it is simply not known what pro- 
portion of the transcribed introns are subse- 
quently processed into smaller functional 
RNAs. It is possible, and logically plausible, 
that these sequences are also a major source of 
regulatory RNAs in complex organisms (20). 

The studies of Willingham ef al. and 
others that have begun to explore the under- 
world of RNA in eukaryotes raise more 
questions than they answer. That complex 
organisms have complex genetic programming 
should come as no surprise. That much of this 
programming may be transacted by noncoding 
RNAs may be. However, given the sheer ex- 
tent of noncoding RNA transcription, it seems 
more and more likely that a large portion of the 
human genome may be functional by means of 
RNA. This also means that we may have 
seriously misunderstood the nature of genetic 
programming in the higher organisms (2/) by 
assuming that most genetic information is 
expressed as and transacted by proteins, as it 
largely is in prokaryotes (22). If so, there is a 
long road ahead in functional genomics. 
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VIEWPOINT 


Fewer Genes, More Noncoding RNA 


Jean-Michel Claverie 


Recent studies showing that most “messenger” RNAs do not encode proteins finally 
explain the long-standing discrepancy between the small number of protein-coding 
genes found in vertebrate genomes and the much larger and ever-increasing number 
of polyadenylated transcripts identified by tag-sampling or microarray-based meth- 
ods. Exploring the role and diversity of these numerous noncoding RNAs now 
constitutes a main challenge in transcription research. 


A few months before the publication of the first 
drafts of the human genome sequence (/, 2), 
online bids predicting the number of human 
protein-coding genes ranged from 30,000 to 
150,000 [see (3)]. To the 
surprise of many (4), ini- 
tial bioinformatic analy- 
ses revealed no more than 
35,000 human genes, an 
estimate that has steadily 
declined to the present 
25,000 genes (5). On the 
other hand, the largest esti- 
mates based on the number 
of distinct polyadenylated 
transcript 3’-ends identified 
through the single-pass se- 
quencing of cDNA libraries 
(6) [i.e., expressed se- 
quence tags (ESTs)] have 
not followed a diminish- 
ing trend. On the contrary, 
more transcripts keep be- 
ing discovered, many of 
which do not correspond to 
annotated genes [e.g., (7)], 
in particular when using 
the serial analysis of gene 
expression (SAGE) ap- 
proach (8). 

Over the last 5 years, 
this discrepancy (4) be- 
tween the number of recog- 
nized protein-coding genes 
and the apparent number of 
transcripts has not been re- 
duced. As early as 1997, the 
then-thriving genomics industry had already se- 
quenced several million ESTs and had come up 
with estimates of well over 100,000 human genes. 
For example, Incyte Genomics estimated 140,000 
genes by grouping overlapping EST sequences 
[cited in (9)]; this total did not include more 
than 200,000 EST sequences seen only once. 
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Comparable numbers emerged a few years 
later in the public domain. The Human Gene 
Index of the Institute for Genomic Research 
predicted in excess of 75,000 human genes 
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Fig. 1. Relationship between the KIAAO0510 cDNA sequence and a FLJ00128 protein- 
encoding transcript. The FLJ00128 cDNA (GenBank identification number 18676462) looks 
like a standard transcript with more than 20 exons (not drawn), all mapping to human 
chromosome 14. This transcript encodes a large protein of more than 1500 residues 
without known or predicted function. The KIAAO510 cDNA sequence (GenBank 
identification number 3413954) corresponds to a single exon, mapping on chromosome 
1 and devoid of significant open reading frames. The 3’ noncoding part of this cDNA is fused 
to a 188-nucleotide sequence (boxed) 100% identical to a sequence unique to chro- 
mosome 14 and encoding 62 residues of protein FLJO0128. This region does not match the 
boundaries of an exon (as would be expected for trans-splicing) in the gene encoding 
FLJ00128. Both transcript sequences were assembled from multiple independently isolated 
ESTs and are devoid of low-complexity regions or repeats. Thus, they cannot easily be 
dismissed as cloning or sequencing artifacts. 


(10), whereas the Unigene database of the Na- 
tional Center for Biotechnology Information 
indicated 84,000 genes (6). These sequences 
are still in the databases, awaiting reconcilia- 
tion with the much smaller number of human 
genes identified by the direct analysis of the 
human genome sequence. 

Recent results may put an end to the para- 
dox, albeit in a rather unexpected manner: A 
large fraction of the human (vertebrate) ge- 
nome appears to give rise to polyadenylated 
transcripts that do not code for proteins. The 
notion of noncoding RNAs is not new—for 


FLJ00128 mRNA 


example, the 17-kb X chromosome-inactivated 
specific transcript (Xist) was discovered in 
1991 (11). However, it is only recently that 
the sheer scale of the phenomenon has begun 
to be realized. Unfortunately, initial analyses 
of the transcriptome were based on hybridiza- 
tion with probes derived from predefined or 
predicted gene sequences, and thus they did 
not reveal unexpected transcripts. A vastly 
different picture of transcriptional activity 
emerged as soon as tiling arrays were in- 
troduced, allowing the in- 
terrogation of genome 
sequences for correspond- 
ing transcripts at fixed inter- 
vals irrespective of predicted 
gene locations. For in- 
stance, a tiling array with 
5-nucleotide resolution that 
mapped transcription activity 


(6178 rt) along 10 human chromo- 
somes revealed that an aver- 
We506 ra) age of 10% of the genome 


(compared to the 1 to 2% 
represented by bona fide 
exons) corresponds to poly- 
adenylated transcripts, of 
which more than half do 
not overlap with known 
gene locations (/2). 

Recent data from the 
FANTOM 3 project (13, 14) 
confirm and amplify these 
findings. Through a tech- 
nical tour de force, the mem- 
bers of this consortium have 
established that a stag- 
gering 62% of the mouse 
genome is transcribed. They 
have identified more than 
181,000 independent tran- 
scripts, of which half con- 
sist of noncoding RNA. 
Moreover, they found that 
more than 70% of the mapped transcription 
units overlap to some extent with a transcript 
from the opposite strand (/3, 14). 

These results provide a solution to the 
discrepancy between the number of (protein- 
coding) genes and the number of transcripts— 
noncoding polyadenylated mRNA contributes 
to a large fraction of the 3’-EST sequences (and 
SAGE tags) subsequently clustered or remain- 
ing as singletons. Indeed, the noncoding Xist 
mRNA is abundantly represented in all EST 
projects. It is thus likely that sequences of 
noncoding transcripts have been accumulating 
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in EST databases and have for the most part 
(including singleton and antisense ESTs) been 
erroneously interpreted as coming from the 3’- 
untranslated regions of protein-coding tran- 
scripts. Noncoding transcripts originating from 
intergenic regions, introns, or antisense strands 
have probably been right before our eyes for 8 
years without having been discovered! 

The notion that transcription is limited to 
protein-coding genes is also being challenged 
in microbial systems. For Escherichia coli, the 
first analysis with a genome tiling microarray 
revealed a substantial number of antisense and 
intergenic transcripts (15). Noncoding short- 
lived “cryptic”? mRNAs have also recently 
been seen in yeast, the transcription of which 
may maintain chromatin in an open state (/6). 
The consequences of certain RNA polymerase 
II mutations for the status of pericentromeric 
heterochromatin also suggest a direct coupling 
between the transcription of noncoding RNAs 
and chromatin structure (/7). 


VIEWPOINT 


The intergenic, intronic, and antisense tran- 
scribed sequences that were once deemed 
artifactual are now a testimony to our collective 
refusal to depart from an oversimplified gene 
model. But what if transcription is even more 
complex? Could it, for instance, lead to mRNAs 
generated from two different chromosomes (Fig. 
1)? A year ago, we would have immediately 
suspected such sequences as further artifacts 
arising from large-scale cDNA sequencing 
programs. But now? Perhaps it’s time to go 
back to the cDNA sequence databases and 
reevaluate the numerous unexpected objects 
they contain (/8). Transcription will never be 
simple again, but how complex will it get? 
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Capping by Branching: A New Ribozyme 


Anna Marie Pyle 


The number of naturally occurring RNA enzymes has just been expanded by the 
discovery of a new branching ribozyme. But this ribozyme has unexpected relatives: 


group | introns. 


Before RNA molecules are ready for action, 
they usually undergo splicing, whereby the 
noncoding sequences (introns) are removed 
from the coding sequences (exons) and the latter 
are stitched back together. In some eukaryotes 
and prokaryotes, two classes of specialized 
introns (known as group I and group II introns) 
fold into catalytic structures that promote their 
own removal from flanking exons (a process 
called self-splicing) (/). Group II introns first 
caught the attention of an observant investigator 
because of their exceptional stability. During 
electron microscopy studies of yeast mitochon- 
drial RNA, Amberg ef al. noticed abundant 
RNA circles (2) that were later shown to result 
from the self-splicing activity of group II 
introns (3). These introns catalyze a branching 
reaction in which an unpaired adenosine within 
the intron uses one of its sugar groups (the 2’- 
hydroxyl) to join with the intron terminus, 
thereby freeing the adjacent exon (coding 
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region) and creating a circular “lariat” form 
of the intron (Fig. 1A). Once liberated, the 
intron lariats can function as parasitic RNAs, 
or mobile genetic elements, that migrate within 
a genome or into new genomes (4). 
Exceptional stability is obviously a useful 
trait for infectious RNAs that have their own 
agendas in a cell (like group II introns). How- 
ever, stability is important for many other 
RNAs, including mRNAs that encode proteins 
and RNAs involved in cellular function. Most 
mRNAs are capped at their upstream (5’) ter- 
minus with a modified guanosine residue that 
protects the mRNA against predation by the 
abundant 5’-exonucleases that prowl the cell, 
ready to pounce on unprotected, linear RNA 
strands (5). In this issue, Nielsen ef al. (6) 
report that an mRNA (called I-Dir I) encoded 
by a homing endonuclease gene (HEG) from 
the slime mold Didymium iridis is capped by a 
different mechanism that takes a page from the 
group II intron playbook. The upstream ter- 
minus of the mature I-Dir I mRNA is a tiny 
circle that results from a branching reaction in 
which a 2’-hydroxyl group near the beginning 
of the mRNA reacts with a nearby phospho- 


Makes Tiny Lariats 


diester linkage, thereby creating a circular cap 
and liberating the upstream RNA (Fig. 1B). 
Remarkably, the branching reaction is cata- 
lyzed not by a group II intron but by an un- 
related group I intron—like ribozyme that is 
upstream from the branch site. 

This group -like ribozyme had long been 
known to catalyze cleavage at its junction with 
the I-Dir I mRNA (7), but careful primer 
extension analysis of the 5’ end of the tran- 
script revealed that the mRNA cleavage product 
contained an unusual RNA structure. Classic 
chemical and enzymatic analysis of this termi- 
nal structure, together with studies on the 
reversibility of the cleavage reaction, strongly 
suggested the existence of a tiny lariat at the 
mRNA terminus. Importantly, specific deletion 
of the 2’-hydroxyl group at the putative branch 
site (i.e., the nucleophile in the branching 
reaction) eliminates this reaction. 


Implications of Branching RNAs 

By finding that a group like ribozyme can 
catalyze a branching reaction, Nielsen and col- 
leagues provide strong evidence that branching 
may be a common activity that is shared by many 
different nucleic acid molecules, regardless of 
their evolutionary heritage. This suggests that 
branching is a facile process and that branching 
ribozymes may have evolved independently on 
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Fig. 1. (A) The lariat mechanism for self-splicing group II introns. Step 1, 2’-hydroxyl attacks intron 
terminus. Step 2, Exons are ligated together. (B) Branching creates a circular cap for mRNA in D. 


iridus. ORF, open reading frame. 


numerous occasions. Although Nielsen et al.’s 
findings are the most clear-cut demonstration 
of this concept, there is precedent for this 
view. A role for lariat formation in retrotrans- 
position by the yeast Tyl element is being 
actively investigated (8, 9). Indeed, artificial 
ribozymes (/0) and even DNA molecules have 
been shown to catalyze branching (J/, 12). 
By using an artificial selection method in 
the laboratory, Silverman and colleagues have 
created catalytic DNA molecules (DNAzymes) 
that promote branching of RNA substrates. 
All of this recent work suggests that a wide 
diversity of nucleic acid enzymes can cata- 
lyze a common branching reaction. 

An important aspect of activity by the 
group I-like ribozyme is the identity of the 
branch site itself. The 2’-hydroxyl group of a 
uridine appears to serve as the branch-site 
nucleophile (6). This is consistent with re- 
cent work by Silverman, which shows that 
DNAzymes can be created that promote 
branching from any of the four natural nu- 
cleotides (that is, the 2’-hydroxyl group of 
U, C, G, or A can react as a branch site) 
(13). Thus, contrary to conventional wisdom 
based on observation of group II introns 
and spliceosomal RNAs, adenosines do not 
have a special dispensation for participation 
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in branching; any nucleotide can evolve to 
do it. 

If diverse molecules catalyze branching, do 
they have anything in common? Although we 
should never rule out an ancient evolutionary 
comnection between group II introns, group I 
introns, and retroelements, there is another 
explanation for branching activity by diverse 
species: Most reports of branching in natural 
systems involve selfish or infectious RNAs 
that must persist for a long time in the cell in 
order to carry out their biological function. 
That is, they are all under selective pressure for 
enhanced RNA stability, potentially against 
cellular nucleases. Indeed, the group I intron— 
like ribozyme reported by Nielsen et al. 
produces a branched mRNA that is highly spe- 
cialized and might need to persist for a 
substantial length of time to carry out its 
function. The I-Dir I mRNA encodes the 
homing endonuclease involved in transposi- 
tion of the flanking group I introns and itself, 
which together have parasitized the host 
genome (6). Given the many situations where 
enhancement of RNA stability will increase 
the evolutionary fitness of a parasitic RNA or 
even enhance the fitness of an entire orga- 
nism (particularly if viability depends on the 
stability of certain encoded RNAs), terminal 


branching reactions and cyclizations are like- 
ly to be observed again in novel contexts. 
Thus, RNA branching reactions may be less 
indicative of a shared evolutionary heritage 
among RNAs than indicative of common 
modern-day functions. 

Looming in the background of any report 
on branching are the implications for mecha- 
nistic function of the eukaryotic spliceosome, 
which is a gigantic ribonucleoprotein complex 
that uses a branching reaction to catalyze most 
of the splicing in eukaryotic cells. There 
remain many reasons, particularly those based 
on sequence and structural similarities, to 
suggest that group II introns and the spliceo- 
some do share an evolutionary heritage (4). 
Nonetheless, the Nielsen report helps us think 
differently about this relationship. For exam- 
ple, does the release of lariat introns from 
spliceosomal processing confer some kind of 
advantage? Do these stabilized introns [which 
are ultimately debranched by a specialized 
debranching enzyme encoded by the DBRI 
gene in baker’s yeast (/4)] help regulate RNA 
transport between nucleus and cytoplasm or 
aid in homeostasis of free nucleotides? What- 
ever the answer, the fresh views posed by the 
Nielsen findings help us think more carefully 
about the role of ribozyme reactions in evolu- 
tion and in modern RNA function. 
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Major Biocontrol of Plant Tumors 
Targets tRNA Synthetase 


John S. Reader, ' Phillip T. Ordoukhanian, ' Jung-Gun Kim,” 
Valerie de Crécy-Lagard,’ Ingyu Hwang,” Stephen Farrand,” 
Paul Schimmel"* 


Infection of plants by pathogenic strains of 
Agrobacterium tumefaciens causes crown gall 
tumors with devastating economic consequences. 
The most successful bacterial biocontrol agent, 
nonpathogenic A. radiobacter strain K84, pre- 
vents disease by production of the “Trojan horse” 
toxin agrocin 84 (Fig. 1A) (/). Because it imi- 
tates a tumor-derived substrate [agrocinopine A 
(fig. S1)], agrocin 84 is specifically imported into 
A. tumefaciens strains that harbor certain types 
of tumor-inducing (Ti) plasmids. A toxic moiety 
is released from agrocin 84 (Fig. 1A) that 
inhibits the pathogen by an unknown mecha- 
nism (2). Agrocin 84 has a 9-(3’-deoxy-B-p-2,3- 
threopentafuranosyl) adenine nucleoside-like 
core linked to two substituents by phos- 
phoramidate bonds (1). A 5’-phosphoramidate 
bond links the nucleoside-like core to a D- 
threo-2,3-dihydroxy-4-methylpentanamide, 
while a second phosphoramidate bond links 
a p-glucofuranosyloxyphosphoryl group to the 
adenine base and is the only known example 
of a 6N phosphoramidate bond found in na- 
ture (3). Although this moiety is required for 
the selective uptake of agrocin 84 into sus- 
ceptible A. tumefaciens cells, it is not required 
for toxicity (2). 

Plasmid pAgk§84 in strain K84 contains the 
genes for agrocin 84 production and two immunity 
elements (4). The translation product of one of 
these immunity genes, agnB2, showed >40% 
sequence identity between its coding sequence 
and many leucyl-tRNA synthetases (LeuRSs). 
LeuRSs catalyze attachment of leucine to its 
cognate tRNAs in the first step of protein syn- 
thesis (aminoacylation). Aminoacylation assays 
showed the recombinant AgnB2 protein exhibits 
robust LeuRS activity (5). Importantly, the agnB2 
gene is not essential for growth (6). The structure 
of the toxic moiety of agrocin 84 is similar to 
that of leucyl-adenylate (Leu-AMP), a critical 
enzyme-bound reaction intermediate (Fig. 1A), 
having a relatively stable 5’-phosphoramidate 
bond instead of the labile phosphoanhydride 
linkage. Plausibly, the stable toxic moiety of 
agrocin 84 could impart its antibiotic effect on 
the bacteria by binding to the catalytic domain 
of the A. tumefaciens genomic-encoded LeuRS 
(LeuRS,,) as a Leu-AMP mimic. 

Purified agrocin 84 showed pronounced in- 
hibition of the agrocin-supersensitive strain 
NTL4(pTiC58AaccR) in bioassays (fig. S2) (5). 
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In contrast, the toxic moiety of agrocin 84 was 
inactive in this assay, because the sugar group 
needed for uptake was removed. The toxic 
moiety inhibited aminoacylation by purified 
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Fig. 1. (A) Structure of agrocin 84, the toxic 
moiety of agrocin 84, and Leu-AMP. (B) Effect of 
agrocin 84 (A84) and its toxic moiety (TM) on 
aminoacylation catalyzed by purified LeuRS,,. 
Aminoacylation by purified AgnB2 LeuRS in the 
presence or absence of the TM is also shown. (C) 
Comparison of inhibition of LeuRS,, activity in 
cell-free extracts from resistant and susceptible 
A. tumefaciens strains grown with agrocin 84. 
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LeuRS,, [median inhibitory concentration 
(IC.,), <10 nM], whereas the complete agrocin 
84 molecule did not (Fig. 1B). Neither Esche- 
richia coli alanyl- nor isoleucyl-tRNA synthe- 
tases (IleRS) were inhibited (7). Cell-free 
extracts from NTL4(pTiC58AaccR) and the re- 
sistant Ti-plasmidless strain NT1 were examined 
for LeuRS activity, after incubation of the cells 
in LB containing agrocin 84 (5). Extracts of the 
sensitive strain incubated with the antibiotic 
showed pronounced inhibition of LeuRS,, 
activity compared to extracts from strain NT1, 
which cannot take up the antibiotic (Fig. 1C). In 
contrast, the activity of IleRS in either extract 
was not affected by growth with the antibiotic. 
Purified LeuRS encoded by the agnB2 gene was 
far less sensitive to inhibition by the toxic 
moiety (IC.,,, 9 4M) when compared to LeuRS , . 
(IC, <10 nM) (Fig. 1B). This roughly 1000- 
fold difference in sensitivity of the two LeuRSs 
to the toxic moiety supports the hypothesis that 
the enzyme encoded by the agnB2 gene is 
responsible for immunity to the inhibitor. 

Biocontrol of crown gall tumors by agrocin 
84 thus targets a tRNA synthetase in the path- 
ogen. In turn, strain K84 carries a second, self- 
protective copy of the synthetase. In principle, 
this strategy from nature could be applied to 
other crop diseases by delivering pathogen- 
specific toxins with agents that protect the 
delivery vehicle. 
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Inositol Hexakisphosphate Is 
Bound in the ADAR2 Core and 
Required for RNA Editing 


Mark R. Macbeth,"” Heidi L. Schubert,’ Andrew P. VanDemark, ' 
Arunth T. Lingam,'* Christopher P. Hill,’* Brenda L. Bass"7* 


We report the crystal structure of the catalytic domain of human ADAR2, an 
RNA editing enzyme, at 1.7 angstrom resolution. The structure reveals a zinc 
ion in the active site and suggests how the substrate adenosine is recognized. 
Unexpectedly, inositol hexakisphosphate (IP,) is buried within the enzyme core, 
contributing to the protein fold. Although there are no reports that adenosine 
deaminases that act on RNA (ADARs) require a cofactor, we show that IP, is 
required for activity. Amino acids that coordinate IP, in the crystal structure are 
conserved in some adenosine deaminases that act on transfer RNA (tRNA) 
(ADATs), related enzymes that edit tRNA. Indeed, IP, is also essential for in vivo 
and in vitro deamination of adenosine 37 of tRNA? by ADAT1. 


One form of RNA editing is catalyzed by aden- 
osine deaminases that act on RNA (ADARs), a 
family of enzymes that deaminate adenosine to 
form inosine in double-stranded RNA (dsRNA) 
(Fig. 1A) (J). ADARs are important for proper 
neuronal function (2-4) and also are implicated 
in the regulation of RNA interference (RNAj) 
(5-7). Inosine is recognized as guanosine by 
most cellular proteins and the translation ma- 
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Fig. 1. (A) ADAR catalyzed hydrolytic deamination 
of adenosine to inosine in dsRNA. (B) Ribbon model 
of hADAR2-D. The active-site zinc atom is repre- 
sented by a magenta sphere. The N-terminal o/B 
domain (residues 306 to 620) is colored cyan, 
with the region that shares structural similarity 
with CDA and TadA colored dark blue (de- 
amination motif; residues 350 to 375, 392 to 
416, 439 to 455, 514 to 525, and 542 to 551). The 
C-terminal helical domain (residues 621 to 700), 
which with contributions from the deamination 


motif makes the major contacts to IP, (ball and stick), is colored red. Ends 
of the disordered segment (residues 462 to 473) are indicated with 
asterisks. (C) Residue interactions at the active site. Shown are the zinc 
ion, coordinating residues (H394, C451, and C516), the nucleophilic 
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chinery, and it pairs most stably with cytidine. 
Therefore, editing of RNA can alter a codon, 
create splice sites, and change its structure. The 
latter occurs when an AU base pair is changed 
to an IU mismatch and may be important for 
the effects of ADARs on the RNAi pathway. 
ADARs from all organisms have a com- 
mon domain structure consisting of one to 
three dsRNA binding motifs (dsRBMs) near 
the N terminus, followed by a conserved C- 
terminal catalytic domain (/, 8). Human ADAR2 
(hADAR2) contains two dsRBMs, and its best 
characterized substrates are the pre-mRNAs of 
glutamate and serotonin receptors (9, 10). Edit- 
ing of codons within these RNAs leads to al- 
tered amino acids and generates receptors with 


altered function. hADAR2 also edits its own 
message to create a new splice site (//). Purified 
hADAR2 deaminates substrates in vitro (/2) in 
the absence of any added cofactors, and deletions 
of N-terminal sequences, including dsRBM1, 
result in an active protein that accurately edits 
an RNA substrate (/3). In addition, we found 
that a protein consisting of only the catalytic 
deaminase domain of hADAR2 (hADAR2-D, 
residues 299 to 701) (fig. SIA) was active 
in vitro, although it deaminates RNA less effi- 
ciently than full-length hADAR2 (fig. S1B). 
The structure of the ADAR2 catalytic 
domain. To better understand the ADAR 
mechanism, we crystallized hADAR2-D. The 
structure (PDB code 1ZY7) was determined by 
multiple isomorphous replacement and refined 
at 1.7 A resolution to an Rerctor Of 17.4% and 
Ryee Of 20.7% (14). The asymmetric unit in- 
cludes 669 water molecules, one sulfate ion, 
and two hADAR2-D molecules that are essen- 
tially identical [root mean square deviation 
(RMSD) = 0.28 A for 358 pairs of Ca atoms]. 
The refined hADAR2-D model contains resi- 
dues 306 to 461 and 474 to 700 (462 to 473 
are disordered), one zinc ion, and one mole- 
cule of inositol hexakisphosphate (IP,). : 
The protein adopts a roughly spherical 40 A 
diameter structure (Fig. 1B) that, consistent 
with sizing chromatography of hADAR2-D 
and equilibrium ultracentrifugation of the full- 
length hADAR2, appears monomeric in the crys- 
tal. The active site is indicated by an ordered zinc 
ion that coordinates a water molecule that pre- 
sumably displaces ammonia during the deam- 
ination reaction. Coordination of the zinc ion 
by H394, C451, and C516, and hydrogen bond- 
ing of the water molecule by E396 (Fig. 1C), is 


water (blue sphere), and the proposed proton-shuttling residue, E396. 
The hydrogen-bond relay that connects the active site to the IP, is also 
indicated. Single-letter abbreviations for amino acid residues are defined 
in (42). 
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essentially identical to the geometry seen at the 
catalytic centers of cytidine deaminase (CDA) 
(15) and TadA (/6), a member of the ADAT2 
(adenosine deaminase that acts on tRNA 2) 
family. This similarity was predicted earlier on 
the basis of equivalent chemistry and sequence 
conservation of the four residues that coordi- 
nate zinc and water (/7, 18). 

Superposition of zinc, water, and coordi- 
nating residues was used as the starting point 
to identify residues of hADAR2-D that were 
structurally equivalent to those in CDA and 
TadA (PDB codes 1CTU and 1WWR, respec- 
tively). Inspection shows that 77 residues 
(RMSD = 3.05 A on Co. atoms) form a struc- 
turally conserved “deamination motif” com- 
prising two helices (a2 and a5), four strands 
(Bl, B2, B5, and B8), and connecting loops 
(Fig. 1B, dark blue). Other hADAR2-D res- 
idues do not have structural equivalents in 
CDA and TadA (Fig. 2A). Further emphasiz- 
ing the large evolutionary separation between 
these enzymes, only four of the deamination 
motif residues have conserved identities in all 
three enzymes (excluding zinc/water ligands). 

The active site of ADAR2. The site of 
nucleophilic attack during the ADAR reaction 
(C6 of adenine) lies deep in the major groove of 
the dsRNA substrate. Because this site is inac- 


cessible to an enzyme, ADARs may use a base- 
flipping mechanism (/9, 20) like other enzymes 
that modify double-stranded polynucleotides 
(21). Consistent with this scenario, the catalytic 
zine center is located in a deep pocket in the 
enzyme surface that is surrounded by positive 
electrostatic potential that likely serves as the 
dsRNA binding site (Fig. 2B). In contrast, TadA 
uses an alternative mechanism of substrate se- 
lection that probably involves recognition of 
the anticodon stem/loop of tRNA (/6). 

To model binding of substrate, we over- 
lapped the structure of a CDA-zebularine 
(cytidine analog inhibitor) complex (/5) onto 
the hADAR2 structure and built the adenosine 
monophosphate (AMP) portion of an ADAR 
substrate to maintain the same catalytic ge- 
ometry. In this simple overlap based on zinc ion 
and coordinating residues, the zebularine ribose 
clashes with the hADAR2 loop containing 
T375 (Fig. 2C), thereby providing a plausible 
explanation for why ADARs do not deaminate 
cytidine. The steric clash is absent with AMP 
because of the additional distance afforded by 
the purine ring (Fig. 2D). The proposed AMP- 
binding geometry requires repositioning of the 
hADAR2 R455 side chain, although this could 
be accomplished through minor rearrange- 
ments that may occur upon dsRNA binding. 


Fig. 2. (A) Superposition of Escherichia coli CDA (yellow) and hADAR2-D (color scheme as in Fig. 1B) 
shows that these structures are highly diverged. View direction is similar to Fig. 1B. The only 
hADAR2-D residues that have structural equivalents in CDA are dark blue. (B) Electrostatic surface 
potential reveals a highly basic (blue) region flanking the active site. View direction is from the top of 
(A). The modeled AMP (pink) and catalytic zinc ion (magenta, partially occluded) are visible in the 
active site cleft. (C) Superposition of the hADAR2 and CDA active sites. Zebularine (pink) bound to 
CDA would clash with the loop containing T375 of hADAR2-D. (D) Docking of AMP (pink) in the 
same chemically equivalent orientation as zebularine would not clash with the T375 loop. Single- 
letter abbreviations for amino acid residues are defined in (42). 
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Comparison of the ADAR and CDA/TadA 
structures reveals an important difference in the 
arrangement of the two cysteine residues that 
coordinate zinc (fig. S5). As often found in zinc- 
dependent enzymes (22, 23), the two cysteines 
of CDA and TadA are located in a Cys-X-X- 
Cys motif at the N terminus of a helix. The 
first cysteine forms hydrogen bonds with two 
main-chain amide NH groups at the helix ter- 
minus; this likely contributes to catalysis by in- 
creasing the positive character of the zinc ion 
and nucleophilicity of the water molecule (24). 
In ADAR2, however, C451 and C516 are sepa- 
rated by a 64-residue loop, and hydrogen bond- 
ing to main-chain atoms is reduced to a single 
bond between C451 and the amide NH group 
of C516. However, a second hydrogen bond is 
observed between C516 and K483 (Fig. 3A and 
fig. S5), and thus ADARs may have evolved a 
compensating interaction; K483 is conserved in 
ADAR sequences but not seen in CDA or TadA. 

Inositol hexakisphosphate binds in the 
core of the catalytic domain. One side of 
the deamination motif of hADAR2 contributes 
to a cavity, not found in CDA or TadA, that is 
formed mainly by C-terminal elements (Fig. 1B, 
red) and buries the IP, molecule and 29 asso- 
ciated water molecules. The identity of IP, 
was suggested by the strong, distinctive electron 
density (Fig. 3A and fig. S3) and the local elec- 
trostatic interactions, and was confirmed by (+) 
ion electrospray mass spectrometry [observed 
molecular weight (MW) of IP, in complex with 
the protein = 660.0 Da; calculated MW = 659.9 
Da] (/4). IP; is an abundant inositol poly- 
phosphate implicated in many cellular functions, 
including RNA export, DNA repair, endocyto- 
sis, and chromatin remodeling (25-29). Intrigu- 
ingly, the compound is reported to affect 
neuronal AMPA receptors (30), whose mes- 
sages are edited by ADAR2 (9). 

The IP, cavity is extremely basic and lined 
with many arginine and lysine residues (R400, 
R401, and R522 and K519, K629, K662, K672, 
and K690), as well as W523, W687, Y658, and 
Y668 (Fig. 3, A and B). Most of these residues 
are invariant among catalytically active ADARs, 
as well as in the ADAT1 family of enzymes, 
which deaminate A37 of certain tRNAs. (The 
ADAT2 family, of which TadA is a member, 
is distinct from ADAT1 and does not have the 
IP, binding pocket or its conserved residues.) 

IP, was not added during purification or 
crystallization but must have been acquired 
during expression of the human ADAR2-D pro- 
tei in Saccharomyces cerevisiae, which like 
other eukaryotes has pools of IP, (31). The pres- 
ence of IP, in the purified protein therefore 
indicates a tight association, consistent with the 
extensive array of hydrogen bonds formed with 
conserved side chains (Fig. 3B) and the almost 
completely buried environment (Fig. 3C). The 
structure suggests that hADAR2 will be non- 
functional in the absence of IP,, a view that is 
supported by experiments described below. 
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IP, is required for ADAR2 activity. In 
S. cerevisiae, the last step in the synthesis of 
IP, is the phosphorylation of IP, by Ipklp, and 
yeast harboring a deletion of JPK/ are viable 
but fail to produce IP, (25). To test for the IP, 
requirement of hADAR2, we expressed the pro- 
tein in ipk1A yeast cells and compared its activ- 
ity to hADAR2 expressed in the same strain 
but containing the J/PK/ gene. As substrate, we 
used a 27-base-pair RNA that mimics the natu- 
ral arginine/glycine (R/G) editing site of the 
glutamate receptor B (gluR-B) pre-mRNA (Fig. 
4A) and that is efficiently edited by hADAR2 in 
vitro (20). IP; was required for hADAR2 activ- 
ity (Fig. 4B), because there was no editing of 
this RNA by protein expressed in the ipk/A 
mutant. Using reverse transcription polymerase 
chain reaction (RT-PCR), we determined that 
hADAR2 mRNA was expressed at the same 
levels in the wild-type and ipk/A mutant strains, 
although the amount of hADAR2 protein was 
lower by a factor of 5 to 10 in the mutant strain. 
Western blots were performed to determine the 
amount of hADAR2 protein in each extract 
by comparison with a standard curve gener- 
ated with known amounts of purified, histidine- 
tagged protein (R,D, an N-terminal truncation 
of hADAR2) (/3). This information was used 
to normalize amounts of hADAR2 used for 
the in vitro assays, and a Western blot con- 
firmed that amounts of hADAR2 in wild-type 


Fig. 3. (A) Stereo image of the active site and IP, binding site in hADAR2-D. The zinc ion 
(magenta sphere) and £396 are coordinating the nucleophilic water (aqua sphere). The 
hydrogen bond relay between the zinc and IP, (yellow sticks) is shown as dashes, as are 
hydrogen bonds between conserved residues (green sticks) and IP,. IP, interactions with 
W523 and W687 are mediated by water (aqua spheres). The 2F, — F. (where F, is the 
observed structure factor and F. is the calculated structure factor) difference electron 
density map demonstrating the presence of the bound IP, is contoured at 40, Because 
IP, is nearly buried, part of the protein molecule in the foreground has been cut away for 
clarity. (B) Schematic diagram of residues that hydrogen-bond with IP, directly or 
through one water molecule. H bonds, dashed lines; conserved residues, green. For 
clarity, the inositol ring is depicted as planar, although it actually binds in the “chair” 
conformation. (C) Only view from which IP, (yellow) is visible from the protein exterior 
in a surface representation. The “window” measures 8.4 A by 4.6 A between van der 
Waal’s surfaces. Single-letter abbreviations for amino acid residues are defined in (42). 


and mutant editing reactions were similar 
(Fig. 4C). 

IP, is required for tRNA editing by the 
ADAT1 family of deaminases. ADATs are 
another class of enzymes that deaminate aden- 
osine to generate inosine in RNA. These en- 
zymes contain only the catalytic domain and 
deaminate tRNAs at adenosines 34 and 37 (A34 
and A37) (18). On the basis of their sequences 
and substrates, there are three types of ADATs in 
eukaryotes. ADAT1 deaminates A37 of tRNA#@# 
(32), and the resulting inosine is subsequently 
methylated at N1 in a reaction requiring a dif- 
ferent enzyme and S-adenosylmethionine (33). 
ADAT2 and ADAT3 form a heterodimer that 
deaminates A34 of various tRNAs and, con- 
sistent with the fact that this is the wobble posi- 
tion, unlike ADAT1, these enzymes are essential 
(32, 34). By aligning enzyme sequences, we 
noted that residues observed to coordinate IP, in 
the hADAR2 crystal structure were conserved in 
the ADAT1 family but not in the ADAT2 or 
ADAT3 families (Fig. 5A and fig. S6). To test 
the consequent prediction that ADAT1, but 
not ADAT2/3, requires IP,, we monitored activ- 
ity of endogenous ADAT in extracts prepared 
from S. cerevisiae wild-type or ipk/A strains. S. 
cerevisiae tRNA?" is deaminated at A34, as well 
as A37, and provided an ideal substrate with 
which to assay the IP, requirement of the differ- 
ent ADATs (Fig. 5B). We observed that in vitro 


editing of A37 by ADAT1 is severely reduced 
in extract prepared from the ipk/A strain com- 
pared with extract from a wild-type strain (Fig. 
6A). In contrast, there was no difference for in 
vitro editing of A34 by the ADAT2/ADAT3 
heterodimer in the mutant versus the wild-type 
extract (Fig. 6B). To confirm that the lack of 
activity in the ipk/A strain derived from a lack 
of IP, rather than a molecule downstream in the 
pathway, we tested ADAT1 activity in extracts 
prepared from a kcs/A mutant (fig. S7). The 
KCSI gene product is downstream of /PK/ in 
the inositol polyphosphate synthesis pathway and 
phosphorylates IP, to form the pyrophosphate- 
containing IP_ (5PP-IP,) (35). The kcs/A muta- 
tion had no effect on the A37 editing activity of 
ADAT1, which indicates that the editing defect 
in the jpkJA mutant is due to the IP, deficiency. 

The existence of the ipk/A mutant, and the 
fact that S. cerevisiae tRNA?" is deaminated at 
both A34 and A37, provided a facile system for 
analyzing the in vivo requirement for IP. RNA 
was prepared from wild-type or ipkJA cells, 
tRNA?" was amplified using RT-PCR, and the 
RT-PCR product was sequenced (Fig. 6C). Be- 
cause inosine is read as guanosine by reverse 
transcriptase, edited adenosines were identified 
as guanosine in the dideoxy sequencing reaction. 
Consistent with the in vitro data, we observed 
that A34 is edited with equal efficiency in the 
wild-type and mutant strain, but A37 is edited 
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much less efficiently in the ipk/A strain (Fig. 6C). 
A37 in the wild-type strain is read as a thymidine, 
presumably due to N'-methylinosine at position 
37. m'I, like m!A, may pair with reduced speci- 
ficity in the reverse transcription reaction, explain- 
ing the presence of a T in the PCR product (36). 

In the crystal structure of hADAR2, IP, binds 
and fills an extremely basic hole, with the center 
of the inositol ring more than 10 A from the 
protein surface. Thus, it seems possible that 
ADAR2 and, by analogy, ADAT1, are unstable 
without IP, In this regard we wondered about the 
nature of ADAT1 expressed in the ipk7A mutant. 
Was this protein trapped in an irreversible in- 
active state or forming a folding intermediate that 
could bind IP, to achieve its active conformation? 
To explore this question, we tested whether the 
addition of IP, to extracts prepared from the 
ipkIA mutant could recover ADAT1 activity. 
When added to extracts prepared from the ipkJA 
strain, IP, recovered activity to ~50% of wild- 
type (Fig. 7, A and C), which suggests that the 
protein does not require IP, during its synthesis 
and the initial stages of folding. As expected, the 
addition of IP, to wild-type extract had no effect, 
because these cells are capable of synthesizing 
IP, (Fig. 7, B and C). To test for the specific 
requirement for IP, by ADAT1, we performed a 
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Fig. 4. (A) The 27-mer R/G site RNA substrate 
used to assay hADAR2 editing activity. (B) Editing 
of the R/G site RNA by hADAR2 expressed in 
wild-type or jpk7A yeast. The R/G site adenosine 
was labeled with 32P and incubated with in- 
creasing concentrations of expressed hADARZ in 
extracts. Reacted RNA was treated with nuclease 
P1, the resulting 5’ nucleotide monophosphates 
separated by thin-layer chromatography (TLC), 
and the plate exposed to a Phosphorlmager 
screen. The amount of hADAR2 in each extract 
was determined by Western blotting, and extract 
was added to give the final ADAR2 concentrations 
as indicated. (C) Western blot showing the 
amount of hADARZ in each reaction. Single-letter 
abbreviations for amino acid residues are defined 
in (42). 
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similar experiment, except we substituted inositol 
hexakissulfate (IS,) for IP;. Despite its similar 
charge and structure, IS, does not recover 
ADATI activity when added to ipk/A extracts 
(Fig. 7A). This suggests that the enzyme specif- 
ically requires IP, for function and can discrimi- 
nate between the minor differences in phosphate/ 
sulfate chemistry (e.g., the protonation state). 

So far, we have been unable to rescue the 
activity of hADAR2 expressed in the ipk/A 
by adding IP,. Possibly, native S. cerevisiae 
ADATI, but not the heterologous hADAR2, is 
associated with a host chaperone in the extract 
that promotes refolding in the presence of IP,. 
Alternatively, this result may hint at interesting 
differences between the two enzymes in IP, ac- 
cessibility. Such a difference might explain why 
assays of ADAT1 in ipk1A extracts show a small 
(~5%) amount of A37 deamination at the high- 
est concentrations of extract (Fig. 6A), whereas 
ADAR2 expressed in this strain shows no resid- 
ual activity. If the IP; binding site in ADATI 
were more accessible than that of ADAR2, it 
might bind a noncognate inositol polyphosphate, 
such as IP., to allow a low level of activity. 

Discussion. Burial of IP, may reflect a nov- 
el way of using an available cellular component 


A 
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to define and stabilize a protein fold. This would 
be analogous to the use of “structural” metal 
ions in stabilizing the fold of metalloproteins. 
To our knowledge, this represents the first exam- 
ple of a protein using IP, for this purpose. Other 
protein structures with bound IP, have been 
reported, such as deoxyhemoglobin (37) and the 
clathrin adaptor complex AP2 (38); however, 
unlike ADAR2-D, in these cases the IP, mole- 
cule is not extensively buried and does not ap- 
pear to dramatically stabilize the overall structure. 

In addition to the structural requirement, IP, 
may play a subtle role in modulating catalytic 
efficiency by indirectly ordering the side chain 
of K483. Two of the IP, phosphate groups ap- 
proach within 10 A of the catalytic zinc ion and 
are indirectly coordinated to zinc by a chain of 
hydrogen-bonded residues that includes K519, 
D392, and K483 (Fig. 3A). These residues are 
conserved among active ADARs, and K483 may 
contribute to tuning the pK, of the nucleophilic 
water molecule through its interaction with C516 
(Fig. 3A). 

Sequence alignments indicate that ADAT1 
enzymes are the evolutionary link between the 
other family members, ADAT2/3 (including 
TadA) and ADARs (/8). ADAT1 apparently 
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Fig. 5. (A) Schematic diagram showing the rel- 


ative lengths and domain structures of hADAR2 B 


and family members from S. cerevisiae (sc) and E. 
coli (ec). Proteins are anchored at the invariant 
zinc-coordinating histidine (H). Residues that 
coordinate IP, are red lines; double-stranded RNA 
binding motifs are in black. Alignments for regions 
surrounding the residues that coordinate IP, in 
hADAR2 are shown below, with blue numbering 
corresponding to hADAR2. IP, coordinating resi- 
dues are in red, with side-chain contacts in bold. 
Residues N391, W523, Q669, W687, E689, and 
D695 are water-mediated contacts. The conserved 
K483, which is part of a hydrogen-bond relay from 
IP, to the active site zinc, is shown in green. Se- 
quences diverge considerably in the region sur- 
rounding K483; the alignment shown was chosen 
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because the conserved lysine of various subfamilies is aligned with K483 of hADAR2. Notably, the IP, 
coordinating residues are found in ADAR3, which suggests that inefficient IP, binding is not the reason this 
enzyme lacks deaminase activity (43). (B) The tRNA?" substrate used in this study showing the sites of 
modification by the ADAT proteins. Single-letter abbreviations for amino acid residues are defined in (42). 
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Fig. 6. (A) Editing of tRNA?" A37 in vitro by extracts of wild- A 
type or jpk7A yeast strains. tRNA#®, labeled with 32P at A37, 


A37 Editing by ADATI 


Wild-type ipkIA 0.8 


was incubated with increasing amounts of yeast extract 0.7 " 
protein, as indicated (74). Reacted RNA was processed as in tract = si Ne 5 me 

Fig. 4B, and nuclease P1 products were separated by TLC = - 

(left). The fraction of inosine in each lane was quantified, and pl ae z 05 

the average of three determinations was plotted as a function % 04 

of protein concentration (right; error bars, standard deviation; A] 03 | 

when error was very small, error bars are obscured by data & 

point symbols). Solid line, editing by ADAT1 from wild-type PA @@eeevegeaeee? 5 

extracts; dashed line, editing by ADAT1 from jpk7A extracts. £ 0.1 Sacra s 
(B) As in (A) but showing editing of A34-labeled tRNA. a8 a 


Solid line, editing by ADAT2/3 from wild-type extracts; 
dashed line, editing by ADAT2/3 from ipk1A extracts. (C) 
Editing of endogenous tRNA in vivo. tRNA was prepared from 
wild-type or jpk7A strains, reverse transcribed, and amplified B 
by PCR. PCR products were sequenced using dideoxy 
nucleotide triphosphates and a 32P-labeled primer that 
anneals to the nontemplate strand at the 5’ end of the gene. 
The right panel shows an expanded view of the sequencing 
gel shown on the left. The dideoxy sequencing lanes are 
indicated at the top of each lane, and the 5’ to 3’ sequence to 
the left of the gel is read from bottom to top. Bands 
corresponding to A34 to G editing in the wild-type and ipk7A 
tRNAs are labeled with daggers, and the band representing 
the A37 site that is not edited in the jpk7A tRNA is labeled 
with an asterisk. Consistent with the observation of residual 
activity in the mutant extract in vitro (A), some editing of 
A37 in the mutant extract occurs. 
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Fig. 7. (A) Addition of IP, but not IS,, rescued ADAT1 activity in extracts 
prepared from jpk7A yeast. Wild-type or jpk7A protein extract (0.1 g/l) was 
incubated with IP, or IS, for 15 min at 30°C before the addition of A37-labeled 
tRNA?®. IP, and IS, concentrations were 10-fold dilutions from 100 uM to 10-3 
uM. The tRNA was processed as described in Fig. 4B. (B) Addition of IP, had no 
effect on ADAT1 activity in wild-type extracts using the reaction conditions of 
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(A). Without the addition of IP,, wild-type extracts gave 70% A to | conversion. 
(C) The average fraction of inosine produced in three experiments each of (A) 
and (B) plotted as a function of IP, or IS, concentration; error bars show the 
standard deviation (small error bars are obscured by the data point symbol). 
Circles, ADAT1 activity from wild-type extracts with IP, added; squares, activity 
of jpk7A extracts with IP,; triangles, activity of jpk7A extracts with IS,. 
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diverged from the ADAT2/3 family by acquiring 
the ability to bind IP,, followed by the acqui- 
sition of one or more dsRBMs to generate an 
ADAR. ADATI may have evolved an IP, bind- 
ing function as a means of regulation. IP, ac- 
cumulates in yeast during times of stress (39) and 
thus could lead to increased ADATI activity, 
and consequently to an increased conversion of 
A37 to N!-methylinosine. Modification of posi- 
tion 37 is predicted to increase fidelity of protein 
synthesis by stabilizing the codon-anticodon in- 
teraction (40), and thus yeast may use this mod- 
ification to fine-tune protein synthesis in response 
to environmental conditions. 

Once established as a means of regulation for 
ADATI, metazoa may have extended this regu- 
latory mode for use in ADARs, which perform 
important roles in the nervous system and display 
changes in activity during development (4/). For 
example, a feedback mechanism could act through 
phospholipase C in response to hormones such as 
serotonin. Upon binding of serotonin to its 5-HT,, 
receptor, phospholipase C is activated to cleave 
phosphatidyl inositol 4,5-bisphosphate (PIP,) to 
form the second messengers diacylglycerol and 
inositol 1,4,5-triphosphate (IP,), which is subse- 
quently phosphorylated to form IP,. 5-HT,. 
receptor mRNA is edited at five distinct sites by 
ADAR2, with the more extensively modified re- 
ceptors requiring greater concentrations of sero- 
tonin to stimulate phospholipase C. It is tempting, 
therefore, to speculate that the serotonin-induced 
production of IP, causes increased production of 
active ADAR2, which in turn edits mRNA to 
attenuate the serotonin signaling pathway. 

The structure of the hADAR2 catalytic do- 
main reveals the active site architecture of a 
zinc-catalyzed deamination reaction and suggests 
how ADARs discriminate between cytidine and 


adenosine residues. The presence of IP, in the 
protein core implied an unexpected requirement 
for this cofactor in ADARs, which was con- 
firmed by assaying the RNA editing activity of 
enzymes lacking IP,. The finding that IP, is 
required for ADAR and ADAT activity suggests 
many interesting links between RNA editing and 
diverse processes such as cell signaling and trans- 
lation, thus setting the stage for future studies. 
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We have built a torsional pendulum based on an individual single-walled carbon 
nanotube, which is used as a torsional spring and mechanical support for the 
moving part. The moving part can be rotated by an electric field, resulting in 
large but fully elastic torsional deformations of the nanotube. As a result of the 
extremely small restoring force associated with the torsional deformation of a 
single molecule, unusually large oscillations are excited by the thermal energy of 
the pendulum. By diffraction analysis, we are able to determine the handedness 
of the molecule in our device. Mechanical devices with molecular-scale com- 
ponents are potential building blocks for nanoelectromechanical systems and 


may also serve as sensors or actuators. 


Carbon nanotubes (/, 2) are likely to be used 
in future nanoscale devices because of their 
outstanding mechanical and electrical proper- 
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ties. Nanoelectromechanical devices incorpo- 
rating multiwalled carbon nanotubes (MWNTs) 
as motion-enabling elements have been demon- 
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strated; in these devices, the MWNT serves as a 
torsional spring for small angular deforma- 
tions (3) and torsional oscillations (4) or as a 
bearing for continuous rotational operation 
(5, 6). Here, we show that it is possible to 
prepare large moving objects suspended on a 
single molecule—a single-walled nanotube 
(SWNT). The cross-section of a SWNT is 
smaller than that of a MWNT by more than 
two orders of magnitude, and large deforma- 
tions are possible within the elastic regime. 
The moving part returns to its initial position 
even after being turned by 180°. The ultra- 
low torsional spring constant provided by the 
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SWNT allows for an easily detected deflec- 
tion of the pendulum from excitations as 
small as those from the thermal energy. 

Individual SWNTs are grown on a silicon 
substrate with a 200-nm oxide layer by chem- 
ical vapor deposition (7). The tubes are lo- 
cated with respect to a marker structure by 
atomic force microscopy. The device struc- 
ture, consisting of 100 nm of Au with a 3-nm 
Cr adhesion layer, is prepared by electron 
beam lithography. The substrate is cleaved so 
that the structure is close (<10 pm) to a 
cleaved edge, as illustrated in Fig. 1. These 
structures are etched first in 15% tetra- 
methylammonium hydroxide (TMAH) solution 
for several hours. The TMAH removes the bulk 
silicon and undercuts the structure from the 
side of the cleaved edge. As a result, the 
structure and the oxide layer reach out across 
the side edge of the substrate. The TMAH 
etching process is monitored with an optical 
microscope until a sufficient part of the 
structure is free-standing. Afterward, buffered 
hydrofluoric acid is used to remove the oxide 
layer, followed by critical-point drying. 

The advantage of preparing a free-standing 
structure on the corner of a substrate is that it 
is accessible by a transmission electron micro- 
scope (TEM). Using a similar process, we have 
recently combined TEM and transport mea- 
surements, including gate characteristics, on the 
same nanotube (8). Arbitrary free-standing struc- 
tures can be designed in this way, and acces- 
sibility by TEM is important for understanding 
and optimizing novel nanoelectromechanical 
systems. 

The devices shown in Figs. 2 and 3 consist 
of a metal block suspended on an individual 
SWNT. Although the key motion-enabling 
element here is a single molecule, the sus- 
pended object is large enough to be visible in 
an optical microscope. In the TEM, the pen- 
dulum shown in Fig. 2 is already turned by 
~70° as a result of electrostatic charging from 
the electron beam. This effect would not affect 
the device in possible applications outside an 
electron microscope. The charging is attrib- 
uted to the high-resistance contacts between 
the nanotube and the metal structure. It is not 
present in the device shown in Fig. 3, which 
can be actuated by an external field between 
the support of the pendulum and a nearby 
electrode. In all the investigated devices, the 
carbon nanotube acts as a torsional spring in a 
regime of fully elastic deformation. The pen- 
dulum turns back to the initial position once 
the potential is switched off, even though it 
was turned by 180°. This is one distinction 
from MWNT-based devices, which are re- 
ported to break the outer shells at a deflection 
of 20° (followed by a continuous rotational 
freedom) in a similar geometry. 

The device in Fig. 3 has a mass of m ~ 2 x 
10~'¢ kg and a moment of inertia of J~ 7 x 
107° kg-m? with respect to the tube axis. The 


Sim 


Fig. 1. Principle of sample preparation. (A) The structure is prepared on top of the nanotubes by 
electron beam lithography close to a cleaved edge of a substrate. (B) An etching process removes 
part of the substrate. (C) The part of the structure reaching out across the side edge is now free to 
move. (D) A view from the top shows that it is accessible by the TEM. 


Fig. 2. A metal block suspended on one individual SWNT. (A) The metal block is visible in an 
optical microscope. (B and C) In the TEM, the suspended part rotates by up to ~70° as a result of 
charging by the electron beam with increasing magnification. (D) A high-resolution TEM image 
taken at the right end of the tube shows that this device is indeed built on one single molecule. 
Most of the amorphous carbon visible in (D) was deposited during the TEM analysis. Scale bars, 2 


uum [(A) and (B)], 200 nm (C), 5 nm (D). 
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torsional spring constant of the tube axis is 
C = 3 x 107'!8 Nm per radian, calculated 
from values in (9), our device geometry, and a 
tube diameter of 1.5 nm. Therefore, a torsional 
pendulum built on a SWNT can be turned by 
extremely small forces. For a rotation of 1°, a 
torque of 5 x 10~2° N-m is necessary. This 
corresponds to a force of 0.1 pN acting on one 
end of the rotor 400 nm away from the axis. 
Such a deflection can be detected by optical 
means because the rotor is sufficiently large. 
Optical displacement sensing with nanometer 
sensitivity has been demonstrated for objects 
of similar size (10). More intriguing, how- 
ever, is the possibility that the nanotube it- 
self could be used to sense the deformation, 
because a torsional deformation is expected 


— 
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Fig. 3. A torsional pendulum built 
on a SWNT. (A to D) Images ob- 
tained at potentials of 0 V, 7.4 V, 
9.7 V, and 22 V, respectively, be- 
tween the support and the second 
electrode [visible in the upper left 
corner of (D)]. The sample is tilted 
by 30° for a slightly side-on view on 
the device. Scale bar, 100 nm. This 
device is also shown in movie $1. 


to strongly influence the tube’s electronic 
structure (//). 

Extremely small perturbances can also 
excite a visible torsional oscillation. The res- 
onance frequency for the torsional oscillation 
is calculated to be f= [1/(2n)][(C//)!7] = 0.1 
MHz. We can observe the thermally excited 
oscillations at room temperature in the TEM 
as unsharp edges of the pendulum, also 
visible in Fig. 2C. The amplitude of an os- 
cillation with an energy of kT (where k, is 
the Boltzmann constant and T is absolute 
temperature) is calculated to be 3° for the 
geometry of the device shown in Fig. 2, 
which has a nanotube diameter of 2.4 nm. In 
all investigated devices, the observed thermal 
vibrations are in good agreement with the cal- 
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Fig. 4. (A) Effect of torsional deformation on the enantiomers of a (14,12) nanotube, viewed along 
the tube axis. The red arrows indicate a line along the graphene lattice, forming a right- or left-handed 
helix as it follows the cylindrical surface of the tube. The pitch of these helices is identical in the 
undeformed objects, but after a torsional deformation in a given direction, the pitch of the helices is 
different in the two enantiomers. The twisted (14,12) is no longer mirror-symmetric to the (12,14). 
(B) Diffraction pattern of a twisted nanotube. (C) Intensity profile along the A-B line in (B), as 
indicated in the pattern (solid red line) and for an undeformed (14,12) nanotube (solid blue line). 
Shown as dashed lines are simulated diffraction patterns of torsionally deformed nanotubes, twisted 
in the same direction and magnitude as in our device. The x axis is normalized to the distance 
between the layer lines denoted by X and X’ in (B). The angle between the tube axis and the graphene 
lattice can be precisely determined from the relative peak distances (73). All A peaks are plotted at x = 
0. The clear difference in the peak distances, in agreement with the simulations, makes it possible to 
determine which enantiomer is present. Because the direction of the twist is known, we can 
determine that the tube structure (14,12), and not its mirror counterpart, is present in this device. 


culated ones. The amplitude depends only on 
the diameter and length of the nanotube, not 
the geometry of the suspended object. Ther- 
mal vibrations up to 10° occur in devices with 
small-diameter (1 nm) nanotubes. The good 
agreement between observed and calculated val- 
ues confirms that the modelization of the vibra- 
tional modes is valid and the nanotubes indeed 
exhibit the predicted mechanical properties. 
Attaching a moving part with an individ- 
ual SWNT is presumably one of the weakest 
couplings (i.e., one of the lowest spring con- 
stants) that can be realized. A pendulum on a 
SWNT 1.5 nm in diameter is supported by a 
total of only 40 C-C bonds (20 on each side), 
hence this approach is close to the limit (sup- 
port by a single bond) that could be conceived 
for a mechanically attached object. If we 
consider the device as a quantum mechanical 
torsional harmonic oscillator, the angular 
uncertainty Aa of the quantum mechanical 
zero-point oscillation is of a magnitude Aa = 
{[h/(2n)V[(C x J)¥7]}!? (where A is the 
Planck constant). For our device geometry, 


this angular uncertainty is 0.0003°, which 
corresponds to a position uncertainty of 2 x 
107!? m for the edge of the pendulum. 

We note that a large position uncertainty 
requires not only a very small moving object 
(leading to a small mass and moment of 
inertia J) but also the weakest possible coupling 
(here in terms of the spring constant C). How- 
ever, reaching a quantum-limited regime where 
k,T ~ hf would require microkelvin temper- 
atures for our devices. To push the quantum 
limit to higher temperatures, it would be neces- 
sary to optimize the device geometry toward a 
higher resonance frequency (e.g., by reducing 
the size and mass of the moving object). 

Figure 4B shows a diffraction pattern 
(12, 13) obtained from a twisted SWNT on one 
side of a torsional pendulum. The tube section 
(300 nm in length) between the support and 
the rotated metal block is torsionally de- 
formed, because one end of this tube section 
is turned by nearly 180°. By comparison with 
simulations, the nanotube can be identified as 
(14,12). However, there is a small deviation 
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from the diffraction pattern of an undeformed 
(14,12) nanotube. In agreement with simula- 
tions for a torsionally deformed structure, this 
deviation shows that the tube is indeed homo- 
geneously twisted (and not deformed, e.g., at 
a single defect). 

Nanotubes (with the exception of the so- 
called armchair or zigzag types) are chiral 
molecules; that is, they are not identical with 
their mirror objects. Normally it is not possi- 
ble to determine the handedness of a nanotube 
from a diffraction pattern. The diffraction pat- 
tern is the Fourier transform of the projected 
atomic potentials, and the (n,m) nanotube and 
its mirror counterpart [which we call (m,n)] 
have the same projected potential. In our case, 
however, the nanotube is torsionally deformed 
in a known direction. The two mirror-symmetric 
enantiomers, after deformation in a given di- 
rection, are no longer mirror-symmetric (Fig. 
4A). Thus, it becomes possible to determine 
which type is present. From the deviation in 
the peak distances, we determine that in our 
device we have deformed the nanotube 
structure denoted as (14,12), and not its mirror 
counterpart. 

Our SWNT pendulum can be reproducibly 
turned to any position between 0° and almost 
180° with the use of a single electrostatic po- 
tential. Nanoelectromechanical systems appli- 
cations include micromirrors or devices that 
require continuous tilting (with a precisely 
defined rotation axis) of any object attached to 
the nanotube or the pendulum. Because de- 
flections and oscillations can be induced by 
extremely small forces, the pendulum can 
serve as a component in very sensitive nano- 
scale force sensors. 
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Controlling the Kondo Effect 
of an Adsorbed Magnetic lon 
Through Its Chemical Bonding 


Aidi Zhao, Qunxiang Li, Lan Chen, Hongjun Xiang, 
Weihua Wang, Shuan Pan, Bing Wang, Xudong Xiao, 
Jinlong Yang,” J. G. Hou,* Qingshi Zhu 


We report that the Kondo effect exerted by a magnetic ion depends on its 
chemical environment. A cobalt phthalocyanine molecule adsorbed on an 
Au(111) surface exhibited no Kondo effect. Cutting away eight hydrogen atoms 
from the molecule with voltage pulses from a scanning tunneling microscope tip 
allowed the four orbitals of this molecule to chemically bond to the gold 
substrate. The localized spin was recovered in this artificial molecular structure, 
and a clear Kondo resonance was observed near the Fermi surface. We attribute 
the high Kondo temperature (more than 200 kelvin) to the small on-site 
Coulomb repulsion and the large half-width of the hybridized d-level. 


The Kondo effect arises from the coupling 
between localized spins and conduction elec- 
trons, and at sufficiently low temperatures, it 
can lead to change in the transport properties 
through scattering or resonance effects (/). 
The Kondo effect is often studied in systems 
where spins are permanently introduced into 
the sample through magnetic ions, and re- 
cently the Kondo effect has been controlled 
in quantum dot systems by changing their 
charging and hence the spin state of the dots 
(2-13). 

We show here that the Kondo effect arising 
from magnetic ions on the surface of a nonmag- 
netic conductor can be controlled by changing 
their chemical environment. In particular, we 
show that Co ions, when adsorbed on a gold 
surface as cobalt phthalocyanine (CoPc), do 
not interact strongly with conduction elec- 
trons and exhibit no Kondo effect. However, 
after dehydrogenation of the ligand by voltage 
pulses from a scanning tunneling microscope 
(STM) tip, the Kondo effect is recovered. 

Single CoPc molecules adsorbed on the 
terraces of an Au(111) surface exhibit a pro- 
truding four-lobed structure that is consist- 
ent with the molecular symmetry (Fig. 1, A 
and D) (/4). Dehydrogenation of a CoPc 
molecule was realized with a local high- 
voltage pulse from the STM tip in a manner 
similar to the case of benzene on copper 
surfaces (15, 16). We initially used a constant 
current mode with relatively low bias volt- 
age and tunneling current (typically voltage 
|V| < 2 V and current J < 0.5 nA) to image 
isolated CoPc molecules. We then placed 
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the STM tip directly over the edge of a lobe, 
temporarily suspended the feedback loop, 
and applied a positive high-voltage pulse (Fig. 
1B). A typical current trace simultaneously 
measured during the application of a 3.6-V 
pulse on one of the four lobes of a CoPc 
molecule (Fig. 1C) shows two sudden drops 
in the current signal, indicating the sequential 
dissociation of the two H atoms from the 
benzene ring. We found the dehydrogenation 
threshold voltage to be in the range of 3.3 to 
3.5 V, depending on the structure of the tip 
apex. 

Topographic images of the dehydrogena- 
tion product show that the bright lobes disap- 
pear sequentially (Fig. 1, E to H). The apparent 
height of the molecular center (the Co ion) 
initially increases slightly (by ~0.15 A), while 


/ STM 


Au(111) 
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the intact CoPc (Fig. 1D) is converted to a 
three-lobes-dehydrogenated CoPc (Fig. 1G). 
After the last step, when all four lobes were 
cut to obtain the final dehydrogenated CoPc 
(d-CoPc) molecule (Fig. 1H), a marked in- 
crease of ~0.8 A in apparent height at the 
center indicated either a strong conforma- 
tional change of the molecular structure or a 
redistribution of the local density of states of 
the molecule. Moreover, the d-CoPe molecule 
on the Au(111) surface was difficult to move 
with the STM tip, indicating a strong interac- 
tion between the molecule and substrate (figs. 
S1 and S2). 

Typical differential conductance dl/dV 
spectra near the Fermi level (E,) (Fig. 2A) 
were measured precisely at the center of an 
intact CoPc and a d-CoPc molecule with the 
same tip. The di/dV spectra were obtained 
by sinusoidally modulating the bias voltage 
(4 mV in amplitude) with the first-harmonic 
current signal detected through a lock-in am- 
plifier. For the intact CoPc molecule at 5 K, 
there is a broad resonance centered around 
150 meV below £,, with a full-width at half- 
maximum of ~260 meV, which has been well 
characterized as the Co @? orbital-mediated 
tunneling (OMT) peak (/7—21). This peak dis- 
appears completely in the d//dV spectrum of 
d-CoPc. Instead, an intense resonance peak 
arises immediately below E,, (—6 + 3 meV), 
with an asymmetric shape and a narrow width 
of ~50 meV. The amplitude of this peak de- 
creased continuously as the d//dV spectrum 
was measured at an increasing distance from 
the Co center. The peak eventually vanished at 
the edge of d-CoPc. This resonance was ob- 
served with nearly identical height and width 
in more than 50 d-CoPc molecules. After we 
elevated the temperature from 5 to 150 K, the 
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Fig. 1. STM tip—induced dehydrogenation of a single CoPc molecule. (A) Structural formula of the CoPc. 
Hydrogen atoms 2 and 3 of one lobe were dissociated in our experiments. (B) Diagram of the 
dehydrogenation induced by the STM current. (C) Current versus time during two different voltage 
pulses on the brink of one lobe. Black and red lines correspond to 3.3 V and 3.6 V, respectively. (D to H) 
STM images of a single CoPc molecule during each step of the dehydrogenation process, from (D) an 
intact CoPc to (H) d-CoPc. Image area, 25 A by 25 A. The color scale represents apparent heights, ranging 


from 0 A (low) to 2.7 A (high). 
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resonance peak height for d-CoPc decreased 
by about a factor of 4 (Fig. 2A), but the height 
of the a OMT resonance peak for the intact 
CoPc varied by only ~15%. 

The peak position, the line shape, and the 
temperature-dependent peak intensity all sug- 
gest that the resonance near E,, for d-CoPc 
molecules likely arises through the Kondo ef- 
fect. The good fit of the peak at different tem- 
peratures in the Fano model (22), which has 
been successfully applied to surface Kondo 
systems to describe the quantum interference 
between a localized magnetic impurity and a 
continuum (23, 24), further supports the notion 
of the Kondo effect (Fig. 2, C to E). The Fano 
model here can be described by the relation 


dt cc R(8) & ate where R is the transi- 


tion rate, &= 


ev —a 
T72 
parameter as a function of the resonance energy 


represents the energy 


and width, g is the interference parameter that 
controls the resonance shape, e is the ele- 
mentary charge, o is the energy shift of the 
resonance center with respect to £,, and T= 
2k,T, is the width of the resonance, where k, 
is the Boltzmann constant and 7, the Kondo 
temperature. 


di/dV (nA V") 


At 5 K, fitting all the d//dV spectra for dif- 
ferent tips and d-CoPc molecules to the Fano 
model gives the average values a = —4 + 3 
meV, [ = 49 + 5 meV, and q = —9 + 4 (Fig. 
2C). The temperature-dependent resonance 
width also shows a good fit to an approx- 


imate formula [T = 24 (wk T)? + 2(keTx)’, 


where 7 is the measurement temperature] de- 
veloped from Fermi liquid theory (25) and 
gives a T, of ~208 K (Fig. 2D). The 7, 
value obtained here is much higher than any 
previously reported temperature for mag- 
netic atoms (23, 24, 26-29) or clusters (30) 
on surfaces. For comparison, we also studied 
CuPc molecules, which have a nonmagnet- 
ic ion center, in contrast with CoPc. The 
CuPc molecules adsorbed on a Au(111) sur- 
face can also be dehydrogenated by the same 
method. The central part of an STM image 
of the CuPc molecule is a hole (Fig. 2B), 
but it is a protrusion in a fully dehydro- 
genated CuPc (d-CuPc), and there is no no- 
ticeable resonance appearing near £,, in the 
dl/dV spectra. 

In order to understand qualitatively our 
experimental observations, we carried out 


diidV (nA V") 


0 0 
-500 -400 -300 -200 -100 0 100 200 -300 -200 -100 0 100 200 300 
Sample bias (mV) Sample bias (mV) 
120 
5 5+ 
Cc a: E 

cll m 4b 
> o = 
<3; 5K E © 3F 
S 2 2 ® 2} : 
m = 2 

1 1} 

0 4 4 40 thas ss di. it O Lest o—sessaat 

-100 -50 i) 50 i) 50 100 150 10 100 


Sample bias (mV) 


Temperature (K) 


Temperature (K) 


Fig. 2. Kondo resonance of d-CoPc at different temperatures. (A) Typical d//dV spectra measured at the 
centers of a CoPc molecule at 5 K (black line), showing a a OTM resonance, and a d-CoPc molecule at 
5, 90, and 150 K (colored lines), showing strong resonance near F,. Spectra from bare Au(111) (gray line) 
is shown for comparison. (B) Topographic three-dimensional view of CuPc and d-CuPc, together with 


the corresponding d//dV spectra measured at their 


the same set point of V= 600 mV and / = 0.4 nA. 


centers. All spectra in (A) and (B) were taken with 
(C) A fit (red line) to the resonance at 5 K in (A) 


according to the Fano model, with parameters of width ~ 44 meV, gq ~ —6, and a ~ —5 meV. 


Black symbols indicate experimental results. 


(D) The resonance width against measured 


temperature. Error bars represent standard deviations. (E) The temperature-dependent height of 
the Kondo resonance peak, which decreases approximately logarithmically from 20 to 150 K and 
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first-principles studies on the structural and 
electronic properties of CoPc and d-CoPc mol- 
ecules adsorbed on Au(111) (37). We used a 
slab model for the adsorption system, consist- 
ing of three atomic layers with 56 Au atoms 
each for the Au substrate and a vacuum seven 
atomic layers thick (Fig. 3, A and B). The 
distance between the molecule and the gold 
substrate is ~3.0 A. The interaction between 
the molecule and substrate clearly changes 
the electronic structure and magnetic prop- 
erty of the CoPc molecule. In a free CoPc 
molecule, the Co atom has unpaired d elec- 
trons and the magnetic moment of the Co 
atom is 1.09 Bohr magnetons (1,,). In the CoPc 
adsorption system, the magnet moment is com- 
pletely quenched by the molecule-substrate in- 
teraction. The spin-polarized partial density 
of states (PDOS) of the Co atom in the CoPc 
adsorption system (Fig. 3C), and in a free 
CoPc molecule (Fig. 3D), revealed that the 
spin-down states were filled more than the 
spin-up states for the free CoPc molecule. 
However, the filling difference disappeared for 
the CoPc adsorbed on Au(111). The theoretical 
STM image of a CoPc molecule on Au(111) 
simulated with the Tersoff-Hamann formula 
(32) (Fig. 3E) reproduces the main feature of 
the experimental image (Fig. 1D). 

Dehydrogenation induces a marked change 
of the molecular structure (Fig. 4, A and B), 
so that the d-CoPc molecule on Au(111) is 
no longer planar. The smallest separation 
between the end C atoms of the benzene 
ring and the gold substrate is ~1.9 A, lead- 
ing to a much stronger binding to the gold 
substrate. The central Co atom in the d- 
CoPc molecule shifts upward remarkably (the 
doo.ay distance is ~3.8 A for d-CoPe but 
3.0 A for CoPc). 

More importantly, the magnetic moment 
is recovered for the d-CoPc adsorption sys- 
tem. The spin-polarized PDOS of the Co atom 
in the d-CoPc adsorption system (Fig. 4C) near 
E,, has an empty minority spin peak that comes 
from the magnetic quantum number m = 0 (d:) 
states. This peak is consistent with our experi- 
mental spectra measured at different temper- 
atures, in which an observable peak appears 
near 135 meV (fig. S3). The magnetic moment 
of the d-CoPc molecule is now 1.03 1,, very 
close to the value of a free CoPc molecule. 
The simulated STM image with a large bright 
spot for the d-CoPc adsorption system (Fig. 
4D) agrees quite well with the observed im- 
age (Fig. 1H). 

To understand the high Kondo temperature 
in the d-CoPc/Au(111) system, we compared 
its PDOS with that of a single Co adatom on 
an Au(111) surface (33) (Fig. 4E). The aver- 
age spin splitting of the d-CoPc/Au(111) sys- 
tem is smaller than that of Co/Au(111). The 
on-site Coulomb repulsion U is proportional to 
this splitting, so the U of the d-CoPc/Au(111) 


becomes nearly saturated at lower temperatures. system is smaller than that of the Co/Au(111) 
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system. Moreover, the crystal field splitting 
of the Co d-level of the d-CoPc/Au(111) 
system is greater than that of the Co/Au(111) 
system (Fig. 4E), so the half-width A of the 
hybridized d-level of the d-CoPc/Au(111) 
system is greater than that of the Co/Au(111) 
system. According to theoretical models for 


the Kondo temperature 7, (33, 34), T, in- 
creases monotonically as U decreases or as 
A increases [T,, = Ree where D is a 
prefactor and M is the degeneracy number]. 
Previous experiments (24) reported that the 
T,, for Co/Au(111) is ~75 K; thus, our exper- 
imental finding of a higher 7, for the d-CoPc 
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Fig. 3. The geometric and electronic structures of CoPc on Au(111). (A and B) Top and side views, 
respectively, of the optimized computational model for the CoPc/Au(111) adsorption system. The 
dashed line represents the unit cell, which contains 56 Au atoms per layer. (C) The PDOS of the Co 
atom in a CoPc molecule on a Au(111) surface. The black line is the total PDOS; the red, green, and 
blue lines represent its m = 0, |m| = 1, and |m| = 2 components, respectively. E, electron energy. 
(D) The PDOS of the Co atom in a free CoPc molecule is shown. (E) The simulated STM image of 
CoPc/Au(111). arb., arbitrary. 
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Fig. 4. The geometric and electronic structures of d-CoPc on Au(111). (A and B) Top and side views, 
respectively, of the optimized structure model for the d-CoPc/Au(111) adsorption system. The dashed 
line stands for the unit cell. (C) The PDOS of the Co atom in a d-CoPc molecule on a Au(111) surface. 
The black line is the total PDOS; the red, green, and blue lines represent its m = 0, |m| = 1, and |m| = 2 
components, respectively. (D) The simulated STM image of d-CoPc/Au(111). (E) Comparison of the total 
PDOS of an isolated Co atom on a hollow site of a Au(111) surface with that of a d-CoPc molecule on 
Au(111). Arrows indicate the energy positions of the spin-polarized PDOS centroids of the Co atom. 


on Au(111) is in qualitative agreement with 
theory. 
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The Ultrasmoothness of 
Diamond-like Carbon Surfaces 


Michael Moseler,"?* Peter Gumbsch, '? Cinzia Casiraghi,* 
Andrea C. Ferrari,* John Robertson* 


The ultrasmoothness of diamond-like carbon coatings is explained by an 
atomistic/continuum multiscale model. At the atomic scale, carbon ion impacts 
induce downhill currents in the top layer of a growing film. At the continuum 
scale, these currents cause a rapid smoothing of initially rough substrates by 
erosion of hills into neighboring hollows. The predicted surface evolution is in 
excellent agreement with atomic force microscopy measurements. This mech- 
anism is general, as shown by similar simulations for amorphous silicon. It 
explains the recently reported smoothing of multilayers and amorphous tran- 
sition metal oxide films and underlines the general importance of impact- 
induced downhill currents for ion deposition, polishing, and nanopattering. 


Diamond-like carbon (DLC) is an amorphous 
carbon with a high fraction of sp? bonds (J). 
Hydrogen-free DLCs with the highest density 
and sp? content are called tetrahedral amor- 
phous carbons (ta-C) (/). Diamond-like carbon 
films are widely used as protective coatings— 
for instance, on magnetic and optical storage 
disks (2), optical windows (3), bearings (4), and 
biomedical (5) and microelectromechanical 
devices (6). The combination of diamond-like 
properties (7) and extreme smoothness (8—/0) 
is the key factor underlying the technological 
importance of these films. The research on ul- 
trathin DLCs with well-defined surface proper- 
ties is driven by their use on ultrahigh storage 
density magnetic and optical devices (2, 10-14). 
Despite the broad interest in the growth of DLC 
films, a complete understanding of the evolu- 
tion of their surface profile is still lacking. 

A variety of amorphous carbon films, with 
changing composition, structure, mechanical, 
and optical properties, can be produced by 
different deposition techniques (/). Subsurface 
implantation [subplantation (/5)] of energetic 
carbon atoms can produce amorphous carbon 
networks with a high fraction of sp? sites. Fil- 
tered cathodic vacuum arc (FCVA), mass- 
selected ion beam deposition, and magnetron 
sputtering combined with energetic ion plating 
provide enough energy to grow ta-C films 
CU, 9, 15, 16). FCVA and ion-assisted sput- 
tering are also successfully used to produce 
many other coating materials, such as metals, 
metal oxides, nitrides, silica, and amorphous 
silicon [e.g., (/7)]. 
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In these deposition methods, the film 
growth is driven by a random hail of atomic 
ions. Without additional lateral relaxation 
processes, this would inevitably cause a rapid 
increase of surface roughness as a function 
of film thickness (/8). Atomic force mi- 
croscopy (AFM) measurements of ta-C and 
amorphous metal oxide coatings reveal ul- 
trasmooth surface profiles with a root mean 
square (rms) roughness (R) on the order of 
0.1 nm (9, 10, 17). Furthermore, the rapid 
smoothing of initially rough substrates by car- 
bon deposition has been reported (9, 10, 19). 
Both observations indicate the presence of a 
very efficient lateral transport process of yet 
unknown origin. 

An empirical local melting model (/0) 
explained the smoothness of ta-C in terms of 
impact-induced thermal spikes accompanied 
by reduction of local interface curvature. How- 
ever, the continuum picture of a local liquid 
needs an atomistic justification. The size and 
duration of a thermal spike in ta-C can be es- 
timated to be on the order of 1 nm and 1 ps, 
respectively (20). Both seem too small for the 
establishment of a liquid-like behavior. 

We present a quantitative, nonempirical, 
atomistic/continuum multiscale model de- 
scribing the evolution of DLC surface profiles 
and the origin of their intrinsic ultrasmooth- 
ness. Our quantum and classical molecular 
dynamics (MD) simulations indicate that in 
ion beam deposition of DLCs there is a tend- 
ency toward subnanometer crater formation 
in the immediate neighborhood of the impact 
point, which would lead to an increase of 
local interface curvature. However, an effi- 
cient damping of these surface fluctuations is 
achieved through impact-induced downhill 
currents eroding hills on the film surface. A 
linear relation between these currents and 
surface slope is found in our atomistic sim- 
ulations. We demonstrate that this, in combi- 
nation with the particle continuity equation, 
results in a stochastic continuum model for the 
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surface evolution that extends the atomistic 
description to mesoscopic length and time 
scales. This model, once fed with MD data, 
provides a quantitative description of several 
experimentally observed properties of growing 
DLC films, such as the evolution of the power 
spectral density (PSD), the smoothing of ini- 
tially rough substrates (9, 10, 19), and the 
decrease and saturation of roughness with in- 
creasing impact energy (8, 19). 

This smoothing mechanism is general 
and not restricted only to DLCs. Tailoring 
of roughness and surface chemistry has be- 
come increasingly important for nanoscience 
and nanobiology applications. Analogous sim- 
ulations of ion-beam-treated amorphous sili- 
con show that smoothing by impact-induced 
downhill currents can work for any amorphous 
material. 

The quantum MD of energetic carbon 
atoms impinging on an amorphous carbon sub- 
strate is simulated with density functional— 
based tight binding (TB) (2/). In addition, the 
classical (type I) hydrocarbon bond-order po- 
tential of Brenner (22) with a modified cutoff 
function (23) is used to study larger systems 
and time scales. The initial substrate (a 2.35 
nm by 2.35 nm by 2.35 nm block) is produced 
by melting 2000 carbon atoms at 10,000 K and 
by subsequent cooling to room temperature, 
resulting in a ta-C sample with 3.1 g/cm? den- 
sity and 75% sp? fraction, in good agreement 
with experiments (7, /0). For the TB calcu- 
lations a 2.35 nm by 2.35 nm by 1.2 nm slice 
is generated by removing the top 1000 atoms. 
The full system is studied with the Brenner 
potential. 

Periodic boundary conditions in the lateral 
directions are applied. The atoms in a 0.2-nm- 
thick bottom layer are fixed. Before each 
impact, the system is equilibrated to room 
temperature for several picoseconds using a 
Langevin thermostat for all mobile atoms. 
After that, a carbon atom with a predetermined 
initial velocity normal to the surface is placed 
in a random position 2 A above the highest 
atom of the slab. The collision of this atom is 
then studied for 1 ps. At this stage, only atoms 
in a 0.3-nm layer above the fixed atom layer 
are thermalized to room temperature. 

We first discuss the characteristics of a 
single impact. No evidence of a local melting 
is found when the quantum MD trajectories are 
inspected. A characteristic subplantation event 
is shown in the insets of Fig. 1. A carbon atom 
(black sphere) impinges with 100-eV kinetic 
energy on a ta-C film. The implantation of the 
new atom and the response of a few sur- 
rounding atoms last less than 1 ps and produce 
a small crater in the film. 

To calculate the impact-induced average 
change of the local surface profile, we study 
the consecutive impact of 1000 atoms by clas- 
sical MD. For each impact, the substrate is 
decomposed into a set of Ar = 0.025-nm 
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cylindrical shells centered at the impact point. 
The impact changes the number of carbon 
atoms in the shells from n(r) to n(r) + An(r), 
where r denotes the shell radius. The impact- 
induced change of the surface profile can be 
estimated by AA(r) = An(r)Q/(2nrAr), where 
Q = 0.0065 nm? is the average atomic volume 
in the film. The average Ah(r), shown in Fig. 1, 
reveals a trend toward crater formation even for 
impact energies as low as 30 eV. Recent clas- 
sical MD simulations with an environment- 
dependent interaction potential (20) produce 
essentially the same result. These findings in- 
dicate a roughening of the surface on length 
scales below | nm. In contrast, a local sur- 
face melting model would predict a complete 
smoothing of the neighborhood around the 
impact point. 

To clarify the microscopic mechanism 
underlying the ultrasmoothness of ta-C films, 
we use classical MD to study the ion-beam 
treatment of a film with an initial corrugation. 
Starting from the configuration shown in the 
lower left inset of Fig. 2, the evolution of an 
undulated surface profile during the impact 


of 4000 C atoms is calculated. To compare 
the results with experimental measurements, 
we perform two simulations with two differ- 
ent kinetic energies (30 and 100 eV). A rapid 
smoothing of the initial surface is observed 
for both energies, as reflected in the contin- 
uous decay of the initial sinusoidal profile 
during film growth (the upper inset in Fig. 2 
shows the final configuration for the 100-eV 
simulation). 

After each impact, the surface profile is 
calculated, decomposing the film into a two- 
dimensional (2D) array of vertical columns 
with lateral positions (x,, x,) and 0.59 nm by 
0.59 nm cross sections. The height h(x,, x.) 
of the columns is determined by their highest 
atom. The Fourier amplitude /, (Fig. 2) of the 
initial sine profile decays with increasing film 
thickness s, paralleled by a strong decrease of 
the rms roughness R(s). To compare the re- 
sults with experimental AFM measurements, 
we obtain R(s) by a numerical scan of the 
surface profile / with a 10-nm-radius sphere. 
The initial roughness R(0) = 0.15 nm of both 
systems drops to R(1.5 nm) = 0.06 nm for 


Fig. 1. Impact-induced height 
variation, Ah, as a function of 0} 
the distance r from the impact 
point. The impacts of 1000 car- 
bon atoms are simulated with 
classical MD for two impact 
energies: 30 eV (red squares) 
and 100 eV (blue dots). The av- 
erage shape of Ah(r) indicates a 
trend toward crater formation. 
(Insets) Quantum MD of a single 
100-eV carbon atom (black 
sphere) impinging with initial ve- 
locity perpendicular to the plane. \ 
(Left) Snapshot of the initial 0 
configuration. (Right) Formation 

of a small crater after 1 ps. The 


Ah (nm) 


1s ns 


R (nm) 


0.05 


substrate atoms are color coded according to their initial position in the film. The relative movement of 
the black sphere in the right inset with respect to the left inset is a consequence of multiple collisions 


following impact. 


Fig. 2. lon-beam-—induced decay 
of a sine-shaped ta-C surface. 
The MD substrate of Fig. 1 is 
tripled in one lateral direction, 
resulting in a 7.05 nm by 2.35 
nm by 2.35 nm block. A surface 
profile h(x, 0) = a sin(qx,) with 


= 
aa 


(nn? yo 


a=O0.5nmandg=2n/705nm a 
is produced by removing part of =" 
the atoms. The graph plots the — 
power spectral strength of the 0.02 


relevant Fourier mode as a 
function of film thickness s for 
two ion energies: 30 eV (red 
noisy curve) and 100 eV (blue 
noisy curve). The smooth curves 
represent the predictions of the 


Edwards-Wilkinson equation 0 
(Eq. 2). The values for v in Eq. 
3 are obtained from the inde- 


0.5 . 1 15 
S (nm) 


pendent MD simulations of Fig. 3. (Insets) Snapshots of the initial system (lower left) and after the 
impact of 4000 C atoms with 100-eV kinetic energy (upper right). The color coding represents the 
height of the atoms. Note the complete smoothing of the initial sine-shaped surface. 


100 eV and R(1.5 nm) = 0.09 nm for 30 eV, 
respectively. 

We now consider the microscopic mech- 
anism for the rapid smoothing of ta-C. We 
previously reported the smoothing of initial- 
ly rough substrates by the energetic deposi- 
tion of metal cluster ions (24, 25). In this 
case, a multiscale model based on an impact- 
induced plastic downhill deformation of the 
substrate, combined with the continuity equa- 
tion, was suggested to explain the observed 
smoothing. Here we demonstrate that even the 
bombardment with atomic ions induces a 
downhill current in a growing film. This in- 
dicates that a universal model can be derived 
to explain any ion-beam deposited ultra- 
smooth amorphous film. The surface profile 
of a growing DLC film is represented by a 
single valued function h(x,,x,,f) of the lateral 
coordinates x,, x,. We assume that slight spa- 
tial variations in the mass density of the 
material below A(x, #) can be neglected. The 
equation of motion for / follows from this 
assumption and from the continuity Eq. (/8): 


(1) 


where j(x, ¢) denotes a lateral particle current. 
The height source n(x, f) represents a particle 
rain with an average precipitation of r atoms 
per unit time on a unit area. Stochastic in- 
homogeneities in the distribution of particle 
impact points are taken into account by 
assuming 1 to be a Gaussian noise with vanish- 
ing mean and a covariance (n(x,fn(x’,t’)) = 
rQ75(x — x )8(t — t’) (18). 

Owing to the local nature of an energetic 
particle impact, the current j(x, t) is a func- 
tional of the local shape of A(x, t). The lateral 
correlation length of the ultrasmooth profiles 
exceeds the size of the impinging atoms by 
several orders of magnitude. In this case, the 
current should be a simple function of the 
local slope, VA(x, t). We show in the fol- 
lowing that atomistic simulations of C depo- 
sition on a tilted DLC film provide sufficient 
information to determine the current-slope 
relationship j(V h). Consider the inset of Fig. 
3A. Here, an energetic particle impinges on an 
inclined surface h = x, tan a. The N atoms in 
the system are displaced laterally by (d,“, 
d,) (I = 1...N). The strength of the related 
lateral current j is given by [jj = 7 (y, d,”). 
Therefore, the sum of the atomic displace- 
ments § = (),d,”) represents a simple link 
between the atomistic simulations and the 
continuum description (24, 26). 

The existence of an impact-driven downhill 
current during DLC deposition is verified by 
extensive quantum MD simulations. From five 
trajectories, each consisting of 200 consecu- 
tive 30-eV impacts on a DLC substrate with tilt 
angle o = 20°, a significantly nonzero sum of 
atomic displacements is extracted (6 = 0.26 + 
0.06 nm, square data point in Fig. 3A). This is 


Oh(x, t)/Ot = —QV-j(x, t) + n(x, 2) 
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validated by a comparable classical MD cal- 
culation, with 3000 consecutive impacts, giving 
a similar outcome, with only slightly reduced 
displacements (red dot below the TB result in 
Fig. 3A). 

In the experimental ta-C films, the tetrahe- 
drally coordinated bulk layer is covered by 
a l- to 2-nm layer with predominant sp* 
bonding (7, 15, 27). This is correctly reproduced 
in our simulations. Thus, it is quite instructive to 
decompose 6 into contributions from sp?- and 
sp>-bound atoms. Notably, we find that roughly 
90% of the displacement sum consists of sp* 
atoms, showing that the downhill currents flow 
in the 1- to 2-nm top layer of the film. 

A linear relation between 6(a, £) and the 
tilt angle a is observed for various impact 
energies E (Fig. 3A), suggesting the constitu- 
tive equation j(x, 4) = —r wE)V A(x, f). The 
proportionality constant v(Z) = d(a, £)/tan a 
measures the strength of the impact-induced 
smoothing. This has a peculiar energy de- 
pendence (Fig. 3B), with a linear increase for 
energies below 120 eV and saturation for 
larger energies. The saturation is likely caused 
by the increase of subplantation depth for 
higher energies (8, 27, 28). In this regime, 
part of the impact energy is released in the 
bulk and is no more available for surface 
currents. 

The linear equation for j can be used to 
close Eq. 1, resulting in the well-known 
Edwards-Wilkinson (EW) stochastic differ- 
ential Eq. (29): 


dh(x,s)/As = vV7A(x,s) + n(x,s) (2) 
where ¢ in Eq. | is replaced by the average 
film height s = rQt. The PSD of EW sur- 
faces can be calculated analytically (24): 


(lu (s)P) = e724. (0)2) + 


Q(1-e?") /(2vL{Lnk?) (3) 
where h,(s) is the Fourier transform of h(x, s) 
and L, x L, are the lateral dimensions of the 
surface. 

The validity of continuum theories should 
be restricted to the long-wavelength limit, ie., 
to modes h,, with |k| not exceeding some critical 
value k,. Thus, it is rather surprising that Eq. 3 
accurately reproduces the evolution of our 
initially rough L, = 7.05 nm x L, = 2.35 nm 
MD model system. The relevant Fourier mode 
k = (2n/L,, 0) (smooth curves in Fig. 2) has 
essentially the same decay as the amplitudes 
from our atomistic model (noisy curves in 
Fig. 2). This demonstrates that even nanoscale 
surface fluctuations on DLC films can be 
successfully described by the EW continuum 
theory. Thermally activated lateral transport 
processes (30), such as surface or bulk dif- 
fusion, as well as evaporation/condensation, 


are negligible for DLC deposition at room 
temperature. 

To validate the multiscale model, we care- 
fully analyze extensive AFM data on ta-C 
films deposited by FCVA with an incident ion 
energy of 20 to 40 eV on a ~0.2-nm rough Si 
substrate (/0). In the following we focus on 
Eq. 3, which predicts how a PSD ((h,(s)/*) 
evolves starting from an initial PSD (|A,,(0)|?). 
Two ta-C films, 4 and 66 nm thick, were ex- 
tensively measured to obtain statistically stable 
estimates for the initial PSD (\h,(s = 4 nm)|?) 
and the final PSD (|h,,(s = 66 nm)|?). These are 
derived by averaging eight independent AFM 
measurements in each of the two samples 
(green and red curves in Fig. 4). A very satis- 
factory agreement between the experimental 
(|h,,(s = 66 nm)|?) and the corresponding theo- 
retical PSD for 30-eV impact energy is ob- 
served (compare the red and blue lines in Fig. 
4; both agree within the statistical errors), thus 
validating our multiscale model. 

This model also provides a simple explana- 
tion of the previously observed rapid decay of an 
initial substrate roughness (/0). Indeed, the first 
term in Eq. 3 is responsible for the exponential 
decay of the initial surface roughness, because 
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Fig. 3. Downhill current on a tilted region of the 
growing film. (A) The displacement sum (a, £) 
for two different impact energies F (30 and 100 
eV) depends linearly on the tilt angle o of the 
surface. The dots are from classical MD and the 
square, labeled TB, is derived from quantum MD 
calculations. The inset clarifies the definition of 5 
as given in the text. (B) Downhill strength v(E) 
(dots, classical MD; square labeled TB, quantum 
MD) and steady-state nanoscale rms roughness R 
(triangles) as a function of impact energy. To 
compare with experimental AFM data, we derive 
R by numerically mapping the 2.35 nm by 2.35 
nm surface with a 10-nm-radius tip. The slightly 
reduced roughness of the 30-eV sample correlates 
with the smaller crater size observed in Fig. 1. 
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the power spectrum, Eq. 3, determines the 
roughness via R(s)? = ¥,,(|A,(s)|?) (24). 
Finally, the energy dependence of the 
roughness for a fixed film thickness is con- 
sidered. Experimentally, for E < 100 eV, a 
strong decrease of R with increasing ion 
energy was reported, followed by a leveling 
off for E > 100 eV (8, 9, 19) (see, e.g., the gray 
squares in the inset of Fig. 4). We thus cal- 
culate the energy dependence of R in the 
framework of our multiscale model. We get 
the same trend as in the experiments (Fig. 4, 
inset). This suggests that the saturation of R 
for higher impact energies follows directly 
from the leveling off of v(Z) for E > 120 eV 
as seen in our atomistic simulations. 
Ultrasmoothness has been reported also for 
amorphous transition metal oxide films grown 
by FCVA (/7), as well as for amorphous sili- 
con after low-energy Art bombardment (3/). 
We thus extend our simulations to amorphous 
silicon by using the Tersoff interatomic po- 
tential (32). For various tilt angles, the MD 
trajectories of 1000 Si atoms impinging with 
100 eV on tilted amorphous silicon substrates 
are calculated. As for DLC, we find a linear 
current-slope relationship and a comparable 
smoothing strength v = 2.7 + 0.2 nm. This 
indicates that the concept of ion-beam—induced 
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Fig. 4. Evolution of the experimental PSD com- 
pared to the prediction of our multiscale model. 
The green and red lines represent PSDs derived 
from eight independent 1-1m? AFM scans of 4- 
and 66-nm-thick ta-C films, respectively. The 
blue line is the multiscale prediction (Eq. 3) for 
the 66-nm film. The green curve has been used 
as the initial PSD. The overlapping error intervals 
of the red and blue curves are omitted for the 
sake of clarity. A downhill strength v = 0.5 nm is 
used, corresponding to ~30-eV impact energy in 
the MD simulations. (Inset) The rms roughness 
as a function of ion energy for a s = 66-nm-thick 
ta-C film. Blue dots represent the prediction 
based on our multiscale model. R is decomposed 
into a continuum and an atomistic contribution 
R(S)? = Vikcks (\Ay(s)|?) + Deke (|A,(s)|?) (24) with 
a cutoff k, = 2n/2.35 nm. The first sum is 
evaluated with the theoretical PSD given by Eq. 3 
using v(E) from our MD simulations. The second 
sum is approximated by the average steady-state 
roughness R = 0.027 nm of the 2.35 nm by 2.35 
nm MD system as displayed in Fig. 3B. The red 
diamond represents the experimental roughness 
of our 66-nm-thick film, and the gray squares are 
comparable measurements from (79). 
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downhill currents is quite general and not re- 
stricted only to DLCs. However, it is important 
to note that the existence of downhill currents 
is a necessary but not sufficient condition for 
achieving ultrasmoothness. Amorphicity is 
another important prerequisite. Indeed, a transi- 
tion to nanocrystallinity at higher temperatures 
or at higher impact energies is accompanied by 
considerable surface roughening also in the 
case of DLC films (8, 9, 17). 

In summary, the multiscale theory presented 
here explains the origin of the ultrasmoothness 
of DLC coatings. Atomistic impact-induced 
downhill currents are responsible for the rapid 
erosion of asperities. Our detailed theoretical 
predictions are in excellent agreement with 
experiments. Our model is not restricted to 
ta-Cs. It can also be applied to explain the 
smoothness of other amorphous coatings 
deposited at high ion energy, the ion polish- 
ing of smooth surfaces, the chemical vapor 
deposition of hydrogenated tetrahedral amor- 
phous carbon films, and the surface evolu- 
tion of DLC films overgrown on structured 
substrates. 
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The Effect of Diurnal Correction 
on Satellite-Derived Lower 
Tropospheric Temperature 
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Satellite-based measurements of decadal-scale temperature change in the lower 
troposphere have indicated cooling relative to Earth's surface in the tropics. Such 
measurements need a diurnal correction to prevent drifts in the satellites’ mea- 
surement time from causing spurious trends. We have derived a diurnal correc- 
tion that, in the tropics, is of the opposite sign from that previously applied. 
When we use this correction in the calculation of lower tropospheric tem- 
perature from satellite microwave measurements, we find tropical warming 
consistent with that found at the surface and in our satellite-derived version of 


middle/upper tropospheric temperature. 


Much of the surface warming of Earth ob- 
served over the past century is understood to 
be anthropogenic (/, 2). In the upper air, the 
situation is less clear because of the relative 
paucity of data and short period of observation 
(3). In situ temperature measurements made 
by radiosondes have limited spatial cover- 
age, particularly over large portions of the 
oceans, and are subject to a host of com- 
plications, including changing instrument 
types, configurations, and observation prac- 
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tices (4). For the past two decades, microwave 
radiometers flown on a series of National 
Oceanic and Atmospheric Administration 
(NOAA) polar orbiting weather satellites have 
provided a complementary source of obser- 
vations, which have been used to calculate 
temperature here. Nine microwave sounding 
unit (MSU) instruments have been flown, with 
high-quality data extending from late 1978 to 
mid-2004. The MSU data suffer from a num- 
ber of calibration issues and time-varying 
biases that must be addressed if they are to 
be used for climate change studies. For MSU 
channel 2 (MSU2), the data and its asso- 
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ciated biases have been analyzed by a number 
of groups, yielding warming trends over the 
1979-2004 period ranging from 0.04 to 0.17 
K per decade (5-9). Unfortunately, inter- 
pretation of the raw MSU2 measurements is 
complicated by the fact that 10 to 15% of 
the signal in MSU2 arises from the strato- 
sphere, which is cooling more rapidly than 
either the surface or the troposphere is warm- 
ing, thus canceling much of the warming 
signal. Recently, Fu et al. have used weighted 
combinations of different MSU channels to 
remove the stratospheric influence from MSU2 
(10-12). However, this method is a statisti- 
cal inference that depends, in part, on the 
vertical coherence of stratospheric trends, 
rather than a direct measurement of the tro- 
posphere (/3). 

A more direct measurement of the lower 
troposphere can be obtained by using the 
MSU nadir-limb contrast to extrapolate the 
channel 2 brightness temperatures downward 
and remove nearly all of the stratospheric 
influence (5, 14, 15) [supporting online ma- 
terial (SOM) text and fig. S1]. As originally 
constructed by Christy et al., this nadir-limb 
product (TLT, or temperature lower tropo- 
sphere) showed cooling relative to the sur- 
face in many regions of Earth, particularly in 
the tropics. This finding is at odds with 
theoretical considerations and the predictions 
of climate models (6-18), both of which 
predict that any warming at the surface would 
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be amplified in the tropical troposphere. The 
surface/TLT disconnect is a problem only on 
decadal time scales; on shorter time scales, 
the ratio of the temporal variability in the 
Christy et al. TLT to the temporal variability 
of the surface temperature agrees well with 
expectations (19, 20). 

We present results from a new TLT anal- 
ysis that uses a different, model-based, method 
to remove spurious trends caused by the slow 
evolution of each satellite’s local measure- 
ment time over the diurnal cycle in atmo- 
spheric temperature. Each satellite typically 
exhibits a slow change of the local equator- 
crossing time (LECT) (Fig. 1A) and a decay 
of orbital height over time due to drag by 
the upper atmosphere (2/). The LECT is the 
time at which the satellite passes over the 
equator, moving in a northward or “ascending” 
direction. Changes in LECT indicate corre- 
sponding changes in local observation time 
for the entire orbit. If the temperature being 
measured changes with the time of day (e.g., 
the diurnal cycle of daytime heating and 
nighttime cooling), slow changes in obser- 
vation time can cause spurious long-term 
trends, which must be removed from each 
satellite’s data record before attempting to 
merge the data together into a single data 
set (22). 

Christy et al. estimated the effect of the 
diurnal cycle by calculating the mean rate of 
diurnal warming and cooling by subtracting the 
temperature measurements on one side of the 
satellite measurement swath from the other 
(15). This provided an estimate of the tem- 
perature change due to the difference in local 
observation times from one side of the satellite 
swath to another, about 40 min at the equator 
(23). Unfortunately, this method is extremely 
sensitive to small changes in the satellite atti- 
tude, particularly the satellite roll angle, calling 
its accuracy into question (SOM text). 

In our work on MSU2, we used a dif- 
ferent approach to evaluate the diurnal cy- 
cle. We used 5 years of hourly output from a 
climate model as input to a microwave ra- 
diative transfer model to estimate the sea- 
sonally varying diurnal cycle in measured 
temperature for each satellite view angle at 
each point on the globe (7). For the middle/ 
upper troposphere (MSU2) on a global scale, 
there are no important differences between 
the two methods, although there are signifi- 
cant latitude-dependent differences (SOM 
text). In this work, we extend our method 
to TLT. In Fig. 1, B and C, we show a color- 
coded time-latitude plot of the corrections 
applied to TLT. For most latitudes, the Christy 
et al. TLT correction is of opposite sign from 
our TLT correction and from the corrections 
applied by either group for the middle/upper 
troposphere (fig. S2). 

We argue that the sign change exhibited 
by the Christy et al. correction is physically 


inconsistent with our understanding of the 
vertical structure of the diurnal cycle. For 
MSU2, the globally averaged diurnal cycle is 
dominated by the surface and near-surface 
diurnal cycle over land regions. This is sup- 
ported by a number of findings: Maps of 
temperature differences between the ascend- 
ing and descending MSU2 measurements 
show much larger differences over land than 
over ocean (7, 24). When these ascending/ 
descending differences are examined as a 
function of Earth incidence angle, the dif- 
ferences are much larger for near-nadir angles 
than for larger incidence angles over land, 
suggesting that the bulk of the signal arises 
at or near the surface (fig. S3 and SOM 
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text), in general agreement with radiosonde 
measurements (25) and general circulation 
models, including the Community Climate 
Model 3 model we used to calculate our 
diurnal correction. 

Surface and near-surface effects will be 
even more dominant for TLT, whose vertical 
weighting function peaks several kilometers 
closer to the surface and has a surface con- 
tribution roughly double that of MSU2. Thus, 
we expect the TLT diurnal cycle and diurnal 
correction to be similar in shape to the MSU2 
diurnal cycle, but with larger amplitude. This is 
consistent with the diurnal correction we cal- 
culate from the climate model and is incon- 
sistent with the Christy et al. correction. 


A NOAA-11 


Fig. 1. Diurnal correction 
applied to MSU TLT for 
the NOAA-11 satellite. 
We use NOAA-11 as an 
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example because it un- 
derwent a large drift in 
LECT of more than 6 hours 
before its ultimate failure 
in mid-1998. We show 
only the 1988-1993 peri- 
od here because this is the 
only part of the NOAA-11 
data used by Christy et al. 
NOAA-14 also underwent 
a similar drift, with its drift 
becoming more rapid after 
1998, and by mid-2002, it 
had drifted by more than 
4 hours. Most satellites in 
the MSU series drifted by 
at least 2 hours, with a 
few of the short-lived sat- 
ellites drifting less than 1 
hour. (A) LECT for the 
NOAA-11 satellite plotted 
as a function of time. (B) 
TLT correction applied by 
Christy et al. (C) TLT 
correction applied in this 
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The long-term behavior of a time series 
constructed from TLT is also dependent on the 
procedure used to merge the nine MSU satel- 
lites together into a single time series, in partic- 
ular on the values of the parameters (“target 
factors”) used to empirically remove the spu- 
rious dependence of the instrument calibration 
on the temperature of the hot calibration target 
(5, 7, 15) (SOM text). For the results presented 
below, we used exactly the same merging pro- 
cedure and target factors (but different off- 
sets) as we used when producing our results 
for MSU2 (26). 

When we merge the data from the nine 
MSU satellites together using both our diurnal 
correction and target factors, we obtain a long- 
term time series that shows substantially more 
warming than the Christy et al. result, par- 
ticularly in the tropics. In Fig. 2, we show 
global and tropical average monthly anomaly 
time series for our analysis and for Christy 
et al. Our global (70°S to 82.5°N) trend of 
0.193 K per decade (1979-2003) is about 
0.1 K per decade warmer than the trend calcu- 
lated over the same area from the Christy et al. 
data, whereas our trend in the tropics (20°S to 
20°N) of 0.189 K per decade is about 0.2 K 
per decade warmer (27). We estimate the 20 
uncertainty in these trends to be 0.09 K per 
decade, including both internal and structural 
uncertainty (SOM text). 

To estimate what portion of the trend dif- 
ference between our respective results is caused 
by the difference in diurnal correction, we 
performed a set of numerical experiments, 
where we substituted the Christy et a/. diurnal 
correction into our analysis, and/or where 
we fixed the values of the target factors to 
the values used by Christy et al., allowing 
us to mimic different parts of the Christy et al. 
merging procedure separately and in com- 
bination. The results of these experiments 
(table S3) suggest that the difference in di- 
urnal correction accounts for over 50% of 
the difference in trends for global averages 
and over 70% of the difference in trends for 
tropical averages. 


Fig. 3. Global maps 
and zonal averages of 
linear temperature 
trends (1979-2003). 
Missing data are shown 
as white areas. (A) TLT 
temperature trends 
from this work. (B) TLT 
temperature trends 
from Christy et al. (5). 
(C) Surface tempera- 
ture trends from (28). 
Trend difference, sur- 
face minus TLT, (D) this 
work and (E) Christy et 
al. (F) TLT trend dif- 
ference, this work mi- 
nus Christy et al. 
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In Fig. 3, we show global maps of TLT 
and surface trends (28) (1979-2003) and dif- 
ferences between these trends. The Christy 
et al. results indicate that the lower tropo- 
sphere is cooling dramatically relative to the 
surface over almost all parts of the tropics, 
which is in sharp disagreement with both 
climate model output and theoretical argu- 
ments (20, 29). Our results suggest that the 
tropical troposphere is warming slightly more 
than the surface in most regions, in accord- 
ance with expectations, although scenarios 
where the tropical troposphere is cooling rel- 
ative to the surface are also possible within 
the range of uncertainty. 

Our results are also in agreement with 
middle tropospheric results obtained for our 
data by removing the stratospheric contami- 
nation in our MSU2 data using MSU channel 
4 (10, 11), indicating a measure of vertical 
consistency in our results that is absent in the 
Christy et al. results (/2). Also, the warming 
of the TLT in the tropics is in accordance 
with observed trends in total columnar water 
vapor from satellite observations made over 
the tropical oceans since 1988, which show an 
increase of more than 2% per decade (19, 30). 
Although the correlation of total water vapor 
and temperature is often limited to the bound- 
ary layer, it would be difficult to explain a 
moistening of the tropical atmosphere with- 
out some warming within the layer measured 
by TLT. 

In contrast, trends from temporally homo- 
genized radiosonde data sets show less warm- 
ing than our results (3/—33) and are in better 
agreement with the Christy et al. results. How- 
ever, the radiosonde record is fraught with dif- 
ficulties related to changes in instrument type, 
observing practices, data correction, and sta- 
tion location. In the tropics, where they are 
the largest, these problems have been shown 
to be more likely to lead to spurious cooling 
trends than spurious warming trends in the 
unadjusted data, suggesting the possibility 
that any problems that were not detected dur- 
ing homogenization may result in a cooling 
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bias in the homogenized radiosonde record 
(32). In the northern extratropics, there is ex- 
cellent agreement between the Christy et al. 
results and a subsample of the radiosonde 
sites chosen to have consistent instrumenta- 
tion type and thus thought to be relatively 
free of error (5). Presumably the agreement 
between these radiosondes and our data would 
be somewhat worse, although this has not been 
tested. 
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The month-to-month variability of tropical temperatures is larger in the tro- 
posphere than at Earth’s surface. This amplification behavior is similar in a range 
of observations and climate model simulations and is consistent with basic 
theory. On multidecadal time scales, tropospheric amplification of surface 
warming is a robust feature of model simulations, but it occurs in only one 
observational data set. Other observations show weak, or even negative, ampli- 
fication. These results suggest either that different physical mechanisms control 
amplification processes on monthly and decadal time scales, and models fail to 
capture such behavior; or (more plausibly) that residual errors in several ob- 
servational data sets used here affect their representation of long-term trends. 


Tropospheric warming is a robust feature of 
climate model simulations that include histor- 
ical increases in greenhouse gases (/—3). Max- 
imum warming is predicted to occur in the 
middle and upper tropical troposphere. Atmo- 
spheric temperature measurements from radio- 
sondes also show warming of the tropical 
troposphere since the early 1960s (4-7), con- 
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sistent with model results (8). The observed 
tropical warming is partly due to a step-like 
change in the late 1970s (5, 6). 

Considerable attention has focused on 
the shorter record of satellite-based atmo- 
spheric temperature measurements (1979 to 
present). In both models and observations, 
the tropical surface warms over this period. 
Simulated surface warming is amplified in 
the tropical troposphere, corresponding to a 
decrease in lapse rate (2, 3, 9). In contrast, 
a number of radiosonde and satellite data 
sets suggest that the tropical troposphere has 
warmed less than the surface, or even cooled, 
which would correspond to an increase in 
lapse rate (4—-/2). 

This discrepancy may be an artifact of 
residual inhomogeneities in the observations 
(13-19). Creating homogeneous climate records 
requires the identification and removal of non- 
climatic influences from data that were primar- 
ily collected for weather forecasting purposes. 
Different analysts have followed very different 
data-adjustment pathways (4-7, 12, 14, 17). 
The resulting “structural uncertainties” in ob- 
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served estimates of tropospheric tempera- 
ture change (20) are as large as the model- 
predicted climate-change signal that should 
have occurred in response to combined human 
and natural forcings (/6). 

Alternately, there may be a real disparity 
between modeled and observed lapse-rate 
changes over the satellite era (9-//, 21). This 
disparity would point toward the existence of 
fundamental deficiencies in current climate 
models (and/or in the forcings used in model 
experiments), thus diminishing our confidence 
in model predictions of climate change. 

This scientific puzzle provides consider- 
able motivation for revisiting comparisons of 
simulated and observed tropical lapse-rate 
changes (J0, 13, 21, 22) with more com- 
prehensive estimates of observational uncertain- 
ty and a wide range of recently completed 
model simulations. The latter were performed 
in support of the Fourth Assessment Report of 
the Intergovernmental Panel on Climate Change 
(IPCC), and involve 19 coupled atmosphere- 
ocean models developed in nine different coun- 
tries. Unlike previous model intercomparison 
exercises involving idealized climate-change 
experiments (23), these new simulations in- 
corporate estimated historical changes in a 
variety of natural and anthropogenic forcings 
(24, 25). 

Our focus is on the amplification of sur- 
face temperature variability and trends in the 
free troposphere. We study this amplifica- 
tion behavior in several different ways. The 
first is to compare atmospheric profiles of 
“scaling ratios” in the IPCC simulations and 
in two new radiosonde data sets: HadAT2 
(Hadley Centre Atmospheric Temperatures, 
version 2) and RATPAC (Radiosonde Atmo- 
spheric Temperature Products for Assessing 
Climate). These were compiled (respectively) 
by the UK Met Office (UKMO) (6) and the 
National Oceanic and Atmospheric Admin- 
istration (NOAA) (7). The scaling factor is 
simply the ratio between the temperature var- 
iability (or trend) at discrete atmospheric pres- 
sure levels and the same quantity at the 
surface (26). Observed trends and variability 
in tropical surface temperatures (7) were ob- 
tained from the NOAA (27) and HadCRUT2v 
data sets (28, 29). 
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Our second method for estimating scaling 
ratios uses the weighted-average temperatures 
of deep atmospheric layers (12, 17). These 
temperatures are available from the satellite- 
based Microwave Sounding Unit (MSU), 
which monitors atmospheric microwave emis- 
sions from the lower stratosphere (7,) and 
the troposphere (7,). MSU T, data have 
also been used to retrieve lower tropospheric 
temperatures (7, .). We calculate synthetic 
MSU temperatures from the IPCC simulations, 
and then compare these with actual MSU 
temperatures produced by research groups 
at the University of Alabama in Huntsville 
(UAH) (/2) and Remote Sensing Systems 
(RSS) in California (/4, 17). Synthetic T,, 
T,, and T,,, data are also computed from 
the HadAT2 and RATPAC radiosonde data 
sets (25). 

T, receives a contribution from the cooling 
stratosphere (30). This hampers its use for 
estimating the amplification of surface tem- 
perature changes in the free troposphere. We 
therefore focus on T,,,, which is relatively 
unaffected by the stratosphere (/5). Until 
recently, only UAH provided a satellite-based 
T,, product (12). The RSS group has now 
independently derived a second T,,, data 
set (14). 

Another strategy for removing strato- 
spheric influences on T, relies on a linear 
combination of 7, and T, (15, 25). This pro- 
cedure yields 7,,,, [named for the first author 


Fig. 1. Time series of 
monthly-mean_ tropical 
temperature anomalies 
in (A) T,, (B) T,, and (C) 
T,. Observed T4 and Tz 
data are from UAH (72) 
and RSS (77). Observed 
T, results are from 
the NOAA (27) and 
HadCRUT2v datasets 
(28). The latter were 
subsampled at the loca- 
tions of HadAT2 radio- 
sonde data (6). Model 
T, results and syn- 
thetic MSU temper- 
atures are from the 
IPCC historical forcing 
runs (25). Results shown 
are restricted to those 
models that included 
forcing by both strato- 
spheric ozone depletion 
(O) and volcanic aero- 
sols (V). All data were 
spatially averaged over 
20°N to 20°S, expressed 
as anomalies relative to 
climatological monthly 
means over the years 
1979 to 1999, and 
low-pass filtered. To fa- 
cilitate model observa- 
tion and model-model 


Anomaly (°C) Anomaly (°C) 


Anomaly (°C) 


1980 


of (/5)], which is representative of temper- 
atures in the bulk troposphere. Relative to 
Ty Ty, Teceives more of its signal from 
higher regions of the troposphere. On the 
basis of simple moist adiabatic lapse rate 
(MALR) theory (3/), we expect scaling ra- 
tios in the deep tropics to increase with in- 
creasing height and to peak at roughly 200 
mbar. Comparison of the amplification fac- 
tors estimated with 7, and 7, data allows 
us to verify whether models and observations 
confirm this theoretical expectation. 

Before discussing the scaling ratio results, 
it is instructive to examine the variability and 
trends in layer-averaged atmospheric temper- 
atures and 7,. Our analysis period (January 
1979 through December 1999) is constrained 
by the start date of observed satellite data and 
the end date of the IPCC historical forcing 
experiment. A total of 49 realizations of this 
experiment were available (24). 

Time series of tropical 7, changes in UAH, 
RSS, and the IPCC simulations are charac- 
terized by overall cooling trends and volcan- 
ically induced stratospheric warming signals 
(Fig. 1A). High-frequency variability asso- 
ciated with the quasi-biennial oscillation is 
evident in the observations but not in the 
model simulations (5, 25). Satellite 7, trends 
lie within the range of model results, but the 
larger cooling trends estimated from radio- 
sondes do not (Fig. 2A). Part of this discrepan- 
cy may be caused by residual stratospheric 


1985 1990 


and upper tropospheric cooling biases in the 
tropical radiosonde data (/8, 19). 

In observations, the tropical variability of 
tropospheric and surface temperatures is dom- 
inated by the large El Nifio events in 1982/83, 
1987/88, and 1997/98 (Fig. 1, B and C). Be- 
cause the IPCC runs are coupled-model simu- 
lations, they cannot reproduce the time 
sequence of observed El Nifio and La Nifia 
events, except by chance (2, 16). The range of 
simulated El Nifio/Southern Oscillation (ENSO) 
variability spans an order of magnitude. 
Models with very strong ENSO variability 
have fluctuations in surface and tropospheric 
temperatures that are noticeably larger than 
observed. 

The observed tropical T, trends in the 
NOAA and HadCRUT2v data sets (0.12 and 
0.14°C per decade, respectively) are very 
similar to Y, the average warming over all 
model simulations (Fig. 2E) (32). In the 
troposphere, however, model-observed trend 
agreement is sensitive to the atmospheric 
layer examined and the choice of observa- 
tional data set. In both radiosonde data sets 
used here, 7, cools over the years 1979 to 
1999, and trends are outside the spread of 
model results (Fig. 2B). Large stratospheric 
cooling biases in the radiosonde data prob- 
ably contribute to this disparity (18, 79). The 
use of 7,,, removes most of the stratospheric 
influence on 7, and yields positive temper- 
ature trends in all observed data sets (Fig. 
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variability comparisons involving models with different ensemble sizes, only the first realization is plotted from each model. 
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2C) (5, 15, 30). All observed T,,,, trends are 
within the envelope of model values. 

In the tropical lower troposphere, all data 
sets except UAH have positive T,, , trends 
(Fig. 2D). The difference between the UAH 
and RSS trends (~ 0.13°C per decade) is a 
factor of two larger than the claimed 95% 
confidence interval for the UAH global T,, > 
trend (/2). This difference is primarily at- 
tributable to the different ways in which the 
two groups account for the effects of orbital 
drift on the sampling of the diurnal temper- 
ature cycle (/4). The UAH T,,, trend lies 
outside the range of model solutions. The dis- 
parate behavior of T,,.. and 7, in the UAH 
data (the former cools, whereas the latter 
warms) is not evident in any other data set 
(14, 15, 30). 

Both model and satellite data indicate that 
variability in 7, is amplified in the tropical 
troposphere (Fig. 1, B and C). Amplification 
of surface warming is a direct result of moist 
thermodynamic processes (3/). We examine 
two different amplification metrics: R,(z), the 
ratio between the temporal standard devia- 
tions of monthly-mean tropospheric and 7, 
anomalies, and R,(z), the ratio between the 
multidecadal trends in these quantities, where 
z denotes a height coordinate (pressure in 
mbars). Because most of the monthly time- 
scale variability in tropical surface and tropo- 
spheric temperatures is driven by interannual 
fluctuations in ENSO, R,(z) largely reflects 
amplification processes acting on annual time 
scales (fig. S1) (33). 

Figure 3A shows R,(z) values in models 
and radiosondes. The theoretically expected 


Fig. 2. Simulated and 
observed least-squares 
linear trends in tropical 
(A) Ty (8) Ta (©) Tey 
(D) T,,,, and (E) Ts. Red 
bars represent X, the 
mean of the model re- 
sults (32). The black 
lines that encompass X 
are the maximum and 
minimum values from 
49 realizations of the 
IPCC historical forcing 
experiment (25). Aster- 
isks identify observation- 
al trends outside the 
range of model results. 
All trends were calcu- 
lated from spatially- 
averaged (20°N to 
20°S) anomaly data 
over the 252-month pe- 
riod January 1979 to 
December 1999. For 
anomaly definition and 
data sources, see Fig, 1. 
The orange bar in panel 
(E) is the T, trend based 


Anomaly (°C) 


Anomaly (°C) 


profile is also displayed (34). In all cases, 
R,(2) increases above the boundary layer, with 
maximum amplification at ~200 mbar. Below 
~400 mbar, there is close agreement be- 
tween the scaling ratios in models, radio- 
sondes, and theory. Between 400 and 150 
mbar, the theoretical scaling ratios are con- 
sistently larger than they are in either the 
radiosondes or the IPCC simulations. Such 
departures may be due to the fact that MALR 
theory is applicable to regions of the tropical 
ocean experiencing deep convection. In con- 
trast, the model and radiosonde tempera- 
ture data used to calculate R,(z) include 
many convectively inactive areas, where the 
surface-air temperature change is not con- 
strained by the moist adiabat set by the con- 
vectively active regions. Furthermore, active 
moist convection does not always penetrate 
above 400 hPa, which would weaken the 
connection to a moist adiabat above this 
level. 

When scaling ratios are calculated for mul- 
tidecadal linear trends, both radiosonde data 
sets are clear outliers. HadAT2 and RATPAC 
R,(z) values never exceed 0.82, indicating 
damping of the surface warming trend in the 
free atmosphere (Fig. 3B). None of the 49 
model realizations demonstrates such behav- 
ior. The shapes of the radiosonde-based 
scaling ratio profiles also differ from model 
and theoretical results, with peak values at 
generally lower atmospheric levels. Subsam- 
pling the HadCRUT2v T, data at the loca- 
tions of the HadAT2 radiosonde stations has 
little impact on the observed R,(z) or R,(Z) 
values (25). 


on HadCRUT2v T, data 
that were subsampled 
at the locations of HadAT2 radiosonde data (6). 
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In the low- to mid-troposphere, model R,(z) 
results are in good agreement with theoretical 
expectations. Model scaling ratios are there- 
fore consistent with theory on both monthly 
and multidecadal time scales, whereas the ra- 
diosonde data are only consistent with theory 
on monthly time scales. 

A qualitatively similar picture emerges 
from scatter plots of the individual compo- 
nents of R,(z) and RAZ) (Fig. 4). These dis- 
play scaling behavior for layer-averaged 
atmospheric temperatures rather than for tem- 
peratures at discrete atmospheric levels. Figure 
4A shows s(Z,) and s(Z,,), the temporal 
standard deviations of monthly-mean trop- 
ical T, and T,, , data. Both vary by a factor 
of = 5 over the 19 IPCC models. Values of 
s(T,,) span a comparable range (Fig. 4B). 
These large ranges are primarily dictated by 
model differences in the amplitude of ENSO 
variability. 

Despite this large spread of model vari- 
ability estimates, the tropospheric amplifica- 
tion of s(T,) is internally consistent across a 
wide range of models and observed data 
(Fig. 4, A and B). The regression between the 
model s(7,) and s(T,,.) values has a slope of 
1.3, in accord with the theoretically expected 
scaling ratio at the peak of the T,, . weighting 
function. The regression line for s(7,) and 
s(T,,,) is steeper (1.5). This is because the 7, 
weighting function peaks higher in the atmo- 
sphere, where scaling ratios are larger (Fig. 
3A) (25). All model and observational results 
in Fig. 4, A and B, are tightly clustered around 
the fitted (red) regression lines, which is con- 
sistent with the close agreement between 
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Fig. 3. Atmospheric 
profiles of temperature 
scaling ratios in mod- 
els, theory, and radio- 
sonde data. (A) R.(z) is 
the ratio between the 
temporal standard de- 
viations of T(z), the 
temperature at discrete 
pressure levels, and the 
surface temperature Ts. 
(B) R,(z) is similarly 
defined, but for trends 
over 1979 to 1999. 
Model results are from 
49 realizations of the 
IPCC historical forcing 
experiment. Radio- 
sonde scaling ratios 
were calculated with 
HadAT2 and RATPAC 
T(z) data (6, 7). Scaling 
ratios for HadAT2 are 
based on unsubsam- 
pled HadCRUT2v T-; 
data. HadCRUT2v Ts; 
data subsampled with 


Pressure (mb) 


Models (with O, V) 


2 


3 
Scaling ratio R,(z): s{T(z)} / s{T,} 


200 


Pressure (mb) 
x 
So 


8 


700 


Models (without O, V) 


1554 


HadAT2 coverage yield —— ccsms CCCma-CGCM3.1(T47) 
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ing ratios (not shown). ao CSIRO-Mk3.0 
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(34). All standard devi- 


Scaling ratio R, (2): Trend in T(z) / trend in T, 


Observations and Theory 
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ations in panel (A) were calculated with linearly detrended data. Rg(z) results in panel (B) are not plotted for three model realizations with surface warming close to 
zero (25). All results are for spatial averages over 20°N to 20°S. For anomaly definition, data sources, and further processing details, see Fig. 1 and (25). 


modeled and observed R,(z) values in the 
lower troposphere (Fig. 3A). 

Amplification factors estimated from mul- 
tidecadal trends in T,, T,,.,, and T,,,, also dis- 
play considerable internal consistency in the 
19 IPCC models (Fig. 4, C and D). This 
consistency occurs despite large intermodel 
differences in convective parameterizations, 
boundary layer formulation, and resolution, all 
of which affect the simulation of tropical con- 
vection and tropospheric lapse rates. Further- 
more, the model-model consistency in R,(z) 
ratios is robust to differences in the natural 
and anthropogenic forcings applied by each 
group (24, 25). Many of these forcings are 
heterogeneous in space and time (2, 3, 35). 
These differences in forcings and physics do 
not cause appreciable displacement of model 
results from the regression line in Fig. 4, C 
and D. The regression slopes are similar to 
those estimated from monthly-timescale vari- 
ability, with 7, results again yielding a 
steeper slope than does T,, +. 

The real conundrum in Fig. 4 is the com- 
plex behavior of the observations. On month- 
ly timescales, the amplification behavior of 
models and observations is consistent. On 
decadal timescales, however, only the RSS- 
based 7,,, and 7, trends have scaling 
factors that are in reasonable accord with 


model results (Fig. 4, C and D) (25). Despite 
sustained warming of the tropical land and 
ocean surfaces, the UAH T7,,, trend is 
negative—i.e., R,@) < 0. The UAH R,(@) 
value seems physically implausible (/4, /5). 
Prolonged surface warming should desta- 
bilize tropical temperature profiles, thus en- 
hancing conditions for moist convection and 
readjustment of atmospheric temperatures to 
an MALR. 

In contrast to the model results and 
theoretical expectations, both radiosonde data 
sets used here have R,(z) ratios < 1.0 (Fig. 4, 
C and D). As in the case of the satellite data 
sets, there are large structural uncertainties in 
radiosonde estimates of tropospheric temper- 
ature change (4-7). Comparisons of tropical 
temperature data from day- and night-time ra- 
diosonde ascents suggest that the error arising 
from solar heating of temperature sensors has 
decreased over time (/8, 19). Inadequate cor- 
rection for this effect may account for a 
residual cooling bias in tropospheric temper- 
ature changes. 

The existence of residual inhomogene- 
ities in the observational data is likely. Cur- 
rent atmospheric observing systems were 
designed for real-time monitoring of weather 
rather than long-term monitoring of climate. 
The construction of reliable climate records 


from radiosondes is hampered by the above- 
noted changes in instrumentation (/8, 19) 
along with changes in observing practices 
and network density (4-7, 11, 13). Similar 
concems apply to satellite data, which are in- 
fluenced by intersatellite biases, orbital drift 
and decay, and uncertainties in instrument 
calibration coefficients (J /—14, 17). 

Adjustments for these and other effects are 
applied at discrete points in an observational 
time series, such as times of transition to a new 
satellite. None of these corrections is precisely 
known. Small errors in adjustments can in- 
troduce systematic errors in the time series. 
These errors have little impact on monthly and 
interannual variability, which account for most 
of the variance of tropospheric temperature 
fluctuations in the deep tropics (Fig. 1B). 
However, systematic errors can have a pro- 
nounced effect on interdecadal variability. 
This helps to explain why model/data com- 
parisons of R,(z) ratios are sensitive to ob- 
servational uncertainty, whereas R,(z) ratios 
are not. 

We have demonstrated that all observed 
data sets and model results are remarkably 
consistent in terms of their relation between 
monthly— and annual-time scale temperature 
variations at the surface and in the free tro- 
posphere. This is a strong verification of the 
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Fig. 4. Scatter plots of 
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model physics that governs the amplification 
of tropical surface temperature changes. On 
decadal time scales, however, only one ob- 
served data set (RSS) shows amplification 
behavior that is generally consistent with 
model results. The correspondence between 
models and observations on monthly and 
annual time scales does not guarantee that 
model scaling ratios are valid on decadal time 
scales. However, given the very basic nature 
of the physics involved, this high-frequency 
agreement is suggestive of more general va- 
lidity of model scaling ratios across a range of 
time scales. 

The RSS 7,,.,, T,, and 7,,, trends are 
physically consistent (all three layers warm 
as the surface warms), whereas the UAH data 
show trends of different sign in the lower- 
and midtroposphere. These results support 
the contention that the tropical warming trend 
in RSS T7,,, data is more reliable than T,, > 
trends in other observational data sets. This 
conclusion does not rest solely on compar- 
isons with climate models. It is independent- 
ly supported by the empirical evidence of 
recent increases in tropospheric water vapor 
and tropopause height (26, 36), which are in 
accord with warming but not cooling of the 
free troposphere. 
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We have used basic physical principles as_ 12 
represented in current climate models, for in- 7 
terpreting and evaluating observational data. 44 
Our work illustrates that progress toward an 
improved understanding of the climate system 15 
can best be achieved by combined use of ob- 
servations, theory, and models. The availabil- 16. 
ity of a large range of model and observational 7 
surface and atmospheric temperature data sets jg 
has been of great benefit to this research, and 
highlights the dangers inherent in drawing in- ‘4 
ferences on the agreement between models 99 
and observations without adequately account- 
ing for uncertainties in both. ae 
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Radiosonde Daytime Biases and 
Late—20th Century Warming 


Steven C. Sherwood,'* John R. Lanzante,”? Cathryn L. Meyer’ 


The temperature difference between adjacent 0000 and 1200 UTC weather 
balloon (radiosonde) reports shows a pervasive tendency toward cooler daytime 
compared to nighttime observations since the 1970s, especially at tropical 
stations. Several characteristics of this trend indicate that it is an artifact of 
systematic reductions over time in the uncorrected error due to daytime solar 
heating of the instrument and should be absent from accurate climate records. 
Although other problems may exist, this effect alone is of sufficient magnitude to 
reconcile radiosonde tropospheric temperature trends and surface trends during 


the late 20th century. 


Atmospheric models and simple thermody- 
namic arguments indicate that tropospheric 
and surface temperature changes should be 
closely linked (7). Radiosonde data during the 
late 20th century, however (2-5), have not 
shown warming commensurate with that re- 
ported for the surface (/, 6, 7). The main dis- 
crepancy is in the Tropics during the last two 
decades of the 20th century. 

A number of design changes to radiosonde 
systems over the years may have affected 
trends (8). Indeed, the spread of trends among 
stations well exceeds that implied by satellite 
data (9), suggesting that trends in the obser- 
vation bias typically exceed those of the 
actual temperature at individual stations. 
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Among the most serious known problems is 
bias due to solar heating of the temperature 
sensor (/0). For many radiosonde designs this 
can elevate the temperature several °C above 
ambient during daylight, an effect that must 
be removed via an estimated correction. For 
other designs no correction is standard even 
though the effect may not be completely ab- 
sent. Adjustment of climate records for in- 
strument changes using their documented 
histories is problematic (8, 17). 

One can try to remove undocumented arti- 
facts by careful examination of the data itself. 
Several such efforts have detected hundreds or 
thousands of apparent artifacts (3—5, 12). Their 
net effect on trends was found to be large only 
in the stratosphere. Revised trends were still 
lower than those indicated by the Microwave 
Sounding Unit (MSU) in both the troposphere 
and stratosphere (/3). Because empirical sepa- 
ration of artificial discontinuities from genuine 
variability is extremely challenging in correlated 
time series (14, 15), especially as changes can 
probably occur in many small steps (/6), it is 
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not clear how successful the above efforts 
may have been in detecting discontinuities— 
or avoiding false adjustments—of amplitudes 
well below 1°C. 

Here we adopt a strategy for quantifying 
trend errors that does not require identifying 
specific change events. The strategy applies 
only to the solar heating error and does not 
detect other errors. It relies on the fact that the 
diurnal temperature range in the free tropo- 
sphere, hence its expected trend, is small and 
has known characteristics that differ from those 
expected from a radiation error. 

The diurnal temperature variation in Earth’s 
atmosphere is a tide arising from its direct solar 
heating and from diurnal variations of con- 
vective heating driven by the diurnal variation 
of surface temperature. Atmospheric heating, 
which occurs primarily in the stratosphere via 
ozone absorption, drives migrating resonant 
oscillations that cause temperature fluctuations 
of several °C in the upper stratosphere. In the 
troposphere, weaker solar heating occurs due 
mainly to near-infrared absorption by water 
with a contribution from dark aerosols. These 
influences produce diurnal temperature fluctu- 
ations of 1°C or less in the free troposphere 
(17). Near the land surface, variations of 5° to 
15°C occur due to surface diurnal heating 
(8); over oceans, variations are ~1°C. 

Because atmospheric tides are a linear 
phenomenon (/9), the diurnal variation of 
temperature is proportional to that of the 
heating, though the two need not be in phase. 
Trends of ~ —0.2°C per decade are evident in 
the land surface diurnal temperature range 
(DTR) (20), which amount to about 2% of the 
mean DTR per decade. Tropospheric water 
vapor and stratospheric ozone changes do not 
exceed a few percent per decade in recent 
decades (2/, 22), and absorption increases 
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weakly with concentration due to line satu- 
ration (23). It follows that tides could not 
have changed by more than a few percent, 
or ~ 0.01° to 0.02°C per decade. Because of 
this, trends in the observed day minus night 
difference in radiosonde temperatures should 
provide a sensitive detector of changes in the 
daytime observation bias. 

We examine the diurnal range using the 
CARDS data set with no adjustments (24). We 
calculated a quantity AT equal to the temper- 
ature difference between adjacent 0000 UTC 
and 1200 UTC sonde flights, wherever such 
pairs were available. Pairs were used regard- 
less of which time of day came first, but AT 
was always defined as temperature at 0000 
minus temperature at 1200. At all CARDS 
stations with sufficient data, we fitted linear 
trends to AT for the same periods (1959 to 
1997 and 1979 to 1997) documented by 
Lanzante et al. (LKS) (3). LKS considered 
temperature trends at 87 stations denoted here 
as the “LKS subset.” 

Figure 1 shows the 1979 to 1997 trend in 
stratospheric AT at tropical stations plotted 
by longitude, together with a sinusoid repre- 
senting the local time of day at 0000. These 
data show that the trend is in phase with so- 
lar heating, with daytime readings growing 
cooler compared to nighttime readings, and 
is pervasive. 

Although clearest in the stratosphere, these 
characteristics appear also at tropospheric 
levels. Indeed, tropospheric and stratospheric 
AT trends are highly correlated in general: 
for example, r = 0.85 between 50 and 300 
hPa over 1959 to 1997. This is not true for 
natural temperature variability, which tends 
to be anticorrelated below and above the 
tropopause in both low and high latitudes 
(25), nor is it true of the tide itself. Accord- 
ing to wind data, tidal fluctuations in the 
troposphere should lag those at 50 hPa by 
about 6 hours (26); this is also simulated by 
the National Center for Atmospheric Re- 
search (NCAR) Community Atmosphere Mod- 
el (CAM3) (not shown) and appears (albeit 
with slightly less shift) in carefully selected 


Table 1. Mean difference in AT trend from 1979 
to 1997, vertically weighted according to the MSU 
channel 2 profile, sonde minus MSU (first two 
columns) among LKS stations; the differences in 
this quantity between the two station types (third 
column); and prediction of the latter based on 
assumptions in text (last column). All quantities 
are in °C per decade. Figures in parentheses are 
the number of stations used (29). 


Daytime Twice daily Difference Predicted 
only difference 
Tropics 
—0.228 (17) -—0.102 (8) 0.130 0.120 (18) 
Extratropics 
—0.052 (4) —0.029 (43) 0.023 0.050 (38) 
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radiosonde temperature data (/7). Conse- 
quently, we expect peak AT magnitudes near 
90°E and 90°W. However, before the 1980s 
AT peaked broadly around 0° and 180°, where 
solar heating was greatest. Only by the late 
1990s did the pattern in the troposphere begin 
to appear as expected. 

To quantify the anomalous signal, we 
defined an additional quantity AZ’, equal to 
+AT with sign determined by longitude to 
make it daytime (6 am to 6 p.m.) minus night- 
time. To minimize sunrise-time ambiguities, 
we did not compute A7” at stations within 10° 
of the 90°E/W meridians. 

A map of the trend in upper tropospheric 
AT’ (Fig. 2) reveals regional variations. The 
largest trends occurred in the Tropics, par- 
ticularly among Indian, African, and island 
stations where transitional problems have 
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been reported previously (3, 4, 27). Trends 
were small in North America and most of 
Asia. We see no evidence in Fig. 2 that the 
AT trends at stations in the LKS subset dif- 
fered systematically from those at neighbor- 
ing, non-LKS stations. However, the most 
affected stations tend to be in sparsely 
sampled areas where they would be strongly 
weighted in any spatially representative clima- 
tology. We omitted all Indian stations from 
subsequent analysis, because these show 
anomalously large AT and have other prob- 
lems (3, 4). 

Following LKS, we averaged AZ” over 
three belts: the Tropics, the Northern Hemi- 
sphere extratropics (NH), and the Southern 
Hemisphere extratropics (SH). Because tropo- 
spheric temperature is expected to lag insola- 
tion by about 6 hours, the zonal means (A7”) 


Fig. 1. Trend in 50-hPa AT (0000 
UTC T minus 1200 UTC T) during 
1979 to 1997 versus longitude at 
all Tropical stations. Sine wave 
(not a curve fit) represents the 
negative of solar forcing of AT, 
peaking where 0000 UTC falls at 
midnight and troughing where it 
falls at noon. Error bars are 16 
sampling uncertainties. 


0.50 1.00 


Fig. 2. Trends in 300-hPa day-night difference AT’ during 1979 to 1997, in K per decade. LKS 
station subset is indicated by large squares. One station (Mumbai) is off scale (not shown). Solid 
symbols are significant at 95% confidence level; thick open symbols do not pass the test at 300 
hPa but are significant in the stratosphere (50 hPa). 
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should be small due to near-cancellation of 
different longitudes. 

The time series of tropical upper tropospheric 
(AT’) (Fig. 3), however, shows significant 
long-term variations. Daytime temperatures 
warmed before about 1971, reaching values 
near 0.5°C above nighttime temperatures, then 
began a slow cooling trend. By the mid- to late 
1990s, (A7”) finally dropped to a level com- 
mensurate with predictions. The trend was 
particularly strong during the satellite era 
beginning in 1979. Since 1997 the trend has 
leveled off. 


Fig. 3. Monthly mean 300-hPa 1.0 
(AT’), the average day-night tem- 
perature difference, at the 10 LKS 0.8 
tropical stations spanning the 
1959 to 1997 period. 0.6 
< 
pj 0.4 
x) 
Cc 
6 0.2 
= 
Ry = 
-0.2 
-0.4 
1950 


1960 


The linear trend in (A7’) is shown by al- 
titude in Fig. 4 for the two LKS time periods, 
for all three belts. It increases rapidly in the 
stratosphere, is weak in NH but strong in the 
other two belts, and is much stronger during 
the 1979 to 1997 period than the longer period 
starting in 1959. 

This trend appears unrealistic in several 
respects. First, it is almost two orders of mag- 
nitude larger than can be justified physically 
based on the known forcings. (A run of the 
CAM3 general circulation model with half- 
normal ozone, an unrealistically large change, 
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Table 2. Layer-average tropospheric and stratospheric temperature trends (in K per decade) reported by 
LKS for unhomogenized data (“orig”), and with solar heating bias removed (“new”). Factor f is specific to 
LKS station subset. Uncertainties are 16 sampling uncertainty in the solar heating bias correction only. 


Tropics NH extratropics SH extratropics 
1979-1997 
f 0.84 0.50 0.67 
50-100 hPa (orig) —1.30 -0.85 —1.04 
50-100 hPa (new) —0.81 + 0.08 —0.78 + 0.03 —0.67 + 0.08 
850-300 hPa (orig) —0.02 +0.10 —0.07 
850-300 hPa (new) +0.14 + 0.04 +0.14 + 0.02 +0.01 + 0.04 
1959-1997 
50-100 hPa (orig) —0.71 —0.43 —0.50 
50-100 hPa (new) —0.52 + 0.06 —0.38 + 0.02 —0.30 + 0.07 
850-300 hPa (orig) +0.17 +0.06 +0.25 
850-300 hPa (new) +0.23 + 0.03 +0.07 + 0.01 +0.30 + 0.03 
Fig. 4. Trend in (AT’) during 10 
1979 to 1997 (top) and 1959 1979-1997 
to 1997 (bottom) at LKS 
stations. Green, Tropics (30°N . 
to 30°S); red, Southern Hem- be 
isphere (90°S to 30°S); blue, © s 
Northern Hemisphere (30°N © & 
to 90°N). Error bars are 16 & 400 £ 100 
sampling uncertainty. Figures g % 
in parentheses are the number & & 
of stations used. Tropics (18) ; 
SH (10) \ 
NH (28) 
1000 1000 
1.0 -0.8 0.6 -0.4 -0.2 0.0 0.2 
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caused tropospheric AT to change by only 
13%.) Indeed, if a 0.5°C change in diurnal 
temperature range were caused by a change in 
daytime heating from any source, then the 
radiative relaxation time scale of ~1 month 
for deep perturbations (28) would imply a 
change in equilibrium temperature of 10° to 
20°C. Clearly, nothing like this has happened. 
Moreover, the spatial patterns of this trend are 
inconsistent with absorbing aerosol (which 
decreases with height and is scanty in SH) or 
convective heating (absent in the stratosphere) 
as a cause. Finally, the strong correlation of 
the AT trend between the troposphere and 
stratosphere is unnatural. 

We are left to propose that the trends are 
caused by decreases over time in the un- 
corrected heating of the sensor. This is plausi- 
ble a priori given the history of radiosonde 
development and improvement efforts and is 
fully consistent with all characteristics of the 
trend here documented: strong in the strato- 
sphere (due mainly to the low thermal dif- 
fusivity of thin air) and in phase with solar 
heating. The smaller effect in NH is consistent 
with the expected superior stability of those 
stations. 

The trend reported from a particular set of 
stations can be adjusted to a nighttime-only 
value by adding an adjustment 5_,, equal to the 
trend in (A7’) multiplied by a factor f rep- 
resenting the fraction of the reported trend 
coming from daytime data (29). This assumes 
that stations that do not collect nighttime data 
are just as susceptible to spurious daytime 
trends, on average, as those that do. 

MSU Channel 2 data can be used to test this 
assumption. We require only trend differences 
between sites, which are much more robust to 
analysis method than the overall MSU trend 
itself. We use diurnal-mean MSU trends from 
the University of Alabama at Huntsville at LKS 
station locations (3). Our assumption implies 
that daytime-only stations will cool more 
compared to colocated MSU retrievals than 
will twice-daily stations. The calculated dif- 
ferences, given in Table 1 (we combine SH 
and NH here because there are no daytime- 


1959-1997 
N\ 
Tropics (10) 
SH (5) 
NH (22) \ 
\ 
0.8 -0.6 0.4 0.2 0.0 0.2 
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only LKS stations in NH), are fully consist- 
ent with this assumption, particularly for the 
tropical stations. In the extratropics there are 
only four daytime-only stations so the MSU 
test is less meaningful, but the two indepen- 
dent estimates do agree within 0.03°C per 
decade. 

To illustrate the importance of the heating 
bias, we have computed its impact 5,,, on the 
trends at LKS stations. The LKS / factors, 
unhomogenized trends, and trends adjusted 
only for solar heating are given for the middle 
troposphere and lower stratosphere in Table 2. 
In the stratosphere, our 6,,, is similar to the 
total adjustments by LKS and others, with 
trends moving closer to those from MSU (/3). 
At the tropical tropopause (of relevance to 
stratospheric water vapor), 5,,, is somewhat 
smaller than LKS’s. In the troposphere, how- 
ever, 5.,, is much larger than previous adjust- 
ments. Indeed, the tropical trend with this 
adjustment (0.14°C per decade over 1979 to 
1997) would be consistent with model simu- 
lations driven by observed surface warming, 
which was not true previously (/). One inde- 
pendent indication that the solar-adjusted 
trends should be more accurate is their con- 
sistency across latitude belts: for the period 
1979 to 1997, the spread of values fell by 
70% in the lower stratosphere and 25% in 
the troposphere. 

Though this is encouraging, our confidence 
in these nighttime trends is still limited given 
that other radiosonde errors have not been 
addressed. SH trends from 1958 to 1997 seem 
unrealistically high in the troposphere, espe- 
cially with the 5,,, adjustment, although this 
belt has by far the worst sampling. Previous 
homogenization efforts typically produced 
small changes to mean tropospheric trends, 
which could mean that other error trends 
cancel out 6,., in the troposphere. In our judg- 
ment, however, such fortuitous cancellation of 
independent errors is unlikely compared to the 
possibility that most solar artifacts were pre- 
viously either missed or their removal negated 
by other, inaccurate adjustments. To be de- 
tected easily, a shift must be large and abrupt, 
but 5,,, was spread out over so many stations 
(79% of stations during 1979 to 1997 and 
90% during 1959 to 1997 experienced AT 
trends significant at 95% level), at such 
modest levels, and of sufficient frequency at 
many stations that many may have been 
undetectable. Most important, jumps in the 
difference between daytime and nighttime 
monthly means would be detectable at only a 
few tropical stations because most lack suffi- 
cient nighttime data. In any case, we conclude 
that carefully extracted diurnal temperature 
variations can be a valuable troubleshooting 
diagnostic for climate records, and that the 
uncertainty in late—20th century radiosonde 
trends is large enough to accommodate the 
reported surface warming. 
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The Transcriptional Landscape of 
the Mammalian Genome 


The FANTOM Consortium* and RIKEN Genome Exploration 
Research Group and Genome Science Group 
(Genome Network Project Core Group)* 


This study describes comprehensive polling of transcription start and 
termination sites and analysis of previously unidentified full-length comple- 


mentary DNAs derived from the mouse genome. We identify the 5’ and 3 


, 


boundaries of 181,047 transcripts with extensive variation in transcripts arising 
from alternative promoter usage, splicing, and polyadenylation. There are 
16,247 new mouse protein-coding transcripts, including 5154 encoding 
previously unidentified proteins. Genomic mapping of the transcriptome reveals 
transcriptional forests, with overlapping transcription on both strands, 
separated by deserts in which few transcripts are observed. The data provide 
a comprehensive platform for the comparative analysis of mammalian 
transcriptional regulation in differentiation and development. 


The production of RNA from genomic DNA 
is directed by sequences that determine the 
start and end of transcripts and splicing into 
mature RNAs. We refer to the pattern of tran- 
scription control signals, and the transcripts 
they generate, as the transcriptional landscape. 
To describe the transcriptional landscape of 
the mammalian genome, we combined full- 
length cDNA isolation (/) and 5’- and 3’-end 
sequencing of cloned cDNAs, with new cap- 
analysis gene expression (CAGE) and gene 
identification signature (GIS) and gene sig- 
nature cloning (GSC) ditag technologies for 
the identification of RNA and mRNA se- 
quences corresponding to transcription initi- 


ation and termination sites (2, 3). A detailed 
description of the data sets generated, mapping 
strategies, and depth of coverage of the mouse 
transcriptome is provided in supporting online 
material (SOM) text 1 (Tables 1 and 2). We 
have identified paired initiation and termi- 
nation sites, the boundaries of independent 
transcripts, for 181,047 independent tran- 
scripts in the transcriptome (Table 3). In 
total, we found 1.32 5’ start sites for each 3’ 
end and 1.83 3’ ends for each 5’ end (table 
Sl). Based on these data, the number of 
transcripts is at least one order of magnitude 
larger than the estimated 22,000 “genes” in 
the mouse genome (4) (SOM text 1), and the 
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large majority of transcriptional units have 
alternative promoters and polyadenylation 
sites. The use of genome tiling arrays (5—7) 
in humans has also implied that the number 
of transcripts encoded by the genome is at 
least 10 times as great as the number of 
“genes.” To extend the mouse data, two 
HepG2 CAGE libraries, one constructed with 
random primers and the other with oligo-dT 
primers, were combined to produce 1,000,000 
CAGE tags. Mapping of these tags to the 
human genome identified the likely promoters 
and transcriptional starting site (TSS) of many 
of the gene models identified by tiling array, 
also called transfrags (5), and clearly indicates 
that the same level of transcriptional diversity 
occurs in humans as in mice (table S2). 
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The mapping of ends of transcripts can be 
used to identify the genomic span of the pri- 
mary transcript. Figure 1A shows length dis- 
tributions of the predicted genomic regions 
spanned by mouse cDNAs showing a bi- 
modal distribution and compares them with 
one peak for unspliced and another for 
spliced RNAs. At the upper end of the dis- 
tribution are candidate mega transcripts (tran- 
scripts originating from genomic regions 
in the order of millions of base pairs). For 
example, we located six pairs of genome sig- 
nature cloning (GSC) ditags to RIKEN clone 
ID 9330159J16 and corresponding RIKEN 
expressed sequence tags (ESTs). This clone 
encodes for a previously unidentified large 


transcript that is similar to a protein tyrosine 
phosphatase, receptor type D (accession 
no. BC086654), the genomic structure of 
which has not been previously reported (8). 
The predicted mRNA is 2475 base pairs in 
length but spans a genomic region of 2.2 
megabases (Mb). 

We previously coined the term transcrip- 
tional units (TUs), which groups mRNAs 
that share at least one nucleotide and have 
the same genomic location and orientation 
(9). However, TU fusions can join unrelated 
and differently annotated transcripts (SOM 
text 2). Therefore, we define a transcription- 
al framework (TK) as grouping transcripts 
that share common expressed regions as well 
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Fig. 1. Genome-transcriptome relation. (A) Genome span covered by full-length cDNA and GIS/GSC 
ditags shows similar distribution with two main peaks. Ditags mapping follows the same distribution 
profile at various mapping thresholds, with a minimum around 2 to 2.5 Mb. Mapping events above this 
genomic span are nonspecific. Count displays the number of events in the size interval. (B) Asymptotic 
unit collapse. Due to extensive overlap of the genome, transcripts overlap to the extent that they 
collapse to a few GFs. Simulating addition of ditags shows the collapsing rate of the known annotated 
genes into 9976 elements only. Primary transcripts only, GFs identified by GSC ditags only; Ensembl 
only, GFs produced by the 3332 Ensembl-only annotated transcripts; total, the total number of GFs. 
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as splicing events, TSS, or termination events 
(SOM text 1). 

TKs can be clustered together into tran- 
script forests (TFs), genomic regions that 
are transcribed on either strand without 
gaps. TFs encompass 62.5% of the genome 
(table S1) and are separated by regions 


First exon (3147 exons) 


A 


Inner exons(763 exons) 


devoid of transcription, or transcription des- 
erts. With the inclusion of GSC tags in ad- 
dition to full-length cDNA and paired EST 
sequences, the estimated total number of 
transcript forests is 18,461,which will col- 
lapse further with increasing depth of cover- 
age (Fig. 1B). 
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Fig. 2. Transcription originating in 3'UTRs. (A) For each analyzed exon, the fraction of tags mapped to 
10 equally large subsections of the exon was calculated. (Left) CAGE tags mapping to the first exon 
are prevalently located in the first part of the exon. (Middle) CAGE tags mapping to internal exons 
are uniformly distributed. (Right) Last exons show a distinct overrepresentation of CAGE tags 
mapping close to the 3’ end. (B) Distance to the closest downstream gene for the set of highly 
expressed TUs that have extreme tag density in the 3’ of the terminal exons. Transcript pairs were 
grouped into tail-to-head (3’ exon and downstream TU on same strand) or tail-to-tail (3 exon and 
downstream TU on opposite strand) configurations. Remaining TUs were used as control groups. For 
TUs with strong 3’ transcriptional activity, the distance to the next TU is significantly smaller than 
expected when the gene pair is in a tail-to-tail configuration (P < 0.001107, Wilcoxon test), 
suggesting regulatory mechanisms based on natural antisense influencing the downstream gene (26). 


Table 1. Data set resources. 


Total ae nia Safely mapped 
RIKEN full-length cDNAs 102,801 237 100,313 
Public (non-RIKEN) mRNAs 56,009 52,119 
CAGE tags (mouse) 11,567,973 145 7,151,511 
CAGE tags (human) 5,992,395 24 3,106,472 
GIS ditags 385,797 4 118,594 
GSC ditags 2,079,652 4 968,201 
RIKEN S’ESTs 722,642 266 607,462 
RIKEN 3’ESTs 1,578,610 265 907,007 
5'/3'EST pairs of RIKEN cDNA 448,956 264 277,702 
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The approach used to isolate full-length 
cDNAs, based on library subtraction and pre- 
viously unidentified 5’/3’ end selection before 
full-insert sequencing, was weighted toward 
identification of representative transcripts. 
Nevertheless, 78,393 different splicing variants 
were identified, such that 65% of TUs contain 
multiple splice variants (Table 2), an increase 
from our previous estimate (41%) (9). This 
is still expected to be an underestimate, and 
new approaches will be necessary for a full 
evaluation of exon diversity (/0). 

Transcript diversity also arises through 
alternative termination. Little is known about 
sequence motifs that control alternative poly- 
adenylation. We identified 27 motif families 
with six or more nucleotides that were statisti- 
cally overrepresented within 120 base pairs of 
the polyadenylation site of individual tran- 
scripts in our data set. These motifs represent 
candidate modulators of polyadenylation site 
for eight unconventional alternative polyade- 
nylation signals (/) (table S3). In addition, we 
found a widespread motif family with se- 
quence TTGTTT, which was associated with 
both the canonical (AAUAAA and AUUAAA) 
and unconventional signals (/, //). 

Gene names of 56,722 transcripts that were 
protein coding were assigned according to 
annotation rules (9, /2). Their encoded pro- 
tein sequences were combined with the pub- 
licly available proteins supported by cDNA 
sequences (8). This generated a nonredundant 
set of 51,135 proteins with experimental evi- 
dence [isoform protein set (IPS)], 36,166 of 
which are complete (complete IPS). By com- 
parison, the mammalian gene collection |(http:/]] 
has cloned, as of July 2005, 
only ~16,700 transcripts (11,514 nonredun- 
dant). In the FANTOM3 data set, 16,274 pro- 
tein sequences are newly described. Their 
splice variants were grouped together into 
13,313 TKs. For 9002 of these, a previously 
known sequence maps to the same TK (locus), 
but 4311 clusters (5154 different proteins) map 
to new TKs (SOM text 3). 

There are a total of 32,129 protein-coding 
TKs on the genome, of which 19,197 have only 
a single protein splice form, although 2525 of 
those do have an alternative noncoding splice 
variant. The SUPERFAMILY analysis of 
structural classification of protein database 
(SCOP) domain architectures (13) was carried 
out for each sequence. Of the 12,932 TKs that 
show variation in splicing, 8365 showed vari- 
ation in SCOP domain prediction. Of the 
12,932 variable TKs, 2392 produce proteins 
with different observed contents of InterPro 
entries. More than two alternatives were ob- 
served in 439 of the 2392 InterPro-variable 
TKs. Thus, in the majority of variable loci, 
splicing controls some aspect of domain con- 
tent or organization. To seek evidence for such 
an impact in specific sets of regulatory pro- 
teins, we compared a representative protein set 
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(RPS) and a variant protein set (VPS) of 
phosphatases and kinases that have been 
comprehensively annotated (/4) by looking 
at domain composition counts (table S4). 
These phosphoregulators could be function- 
ally modulated through alteration in their in- 
tracellular location. Among the 21 receptor 
tyrosine phosphatase loci, we identified 23 
variant transcripts from 14 loci with predicted 
changes to the subcellular localization and 
function of the encoded peptides. Of these, we 
identified two noncatalytic classes: secreted 
(10) and tethered (3). Furthermore, we iden- 
tified two catalytic classes that lack the ex- 
tracellular domains: catalytic only (5) and 
tethered catalytic (5). Similarly, among the 77 
receptor kinase loci, we identified 41 variant 
transcripts from 33 loci which encode secreted 
(16), tethered (10), catalytic only (7), or other 
tethered catalytic (8) peptides. We then ana- 
lyzed the membrane organization splicing 
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variants class within the full set of TUs (table 
S5), which revealed 1287 TUs that exhibit 
alternative initiation, splicing, and termina- 
tion, likely to yield variant isoforms of mem- 
brane proteins that differ in their cellular 
location. 

Of the 102,281 FANTOM3 cDNAs, 34,030 
lack any protein-coding sequence (CDS) and 
are annotated as non-protein coding RNA 
(ncRNA) (6, /5) (table S1). Many putative 
ncRNAs were singletons in the full-length 
cDNA set. Among the FANTOM3 cDNA set 
there was additional support from ESTs, 
CAGE tags, or other cDNA clones overlapping 
both the starting and termination sites for 
41,025 cDNAs, of which only 3652 were 
ncRNAs. This supported ncRNA set includes 
many known ncRNAs (SOM text 4), and 
many are dynamically expressed (SOM text 
5). Following these same criteria, 3012 from 
8961 cDNAs previously annotated as truncated 
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CDS were supported as genuine transcripts and 
are believed to be ncRNA variants of protein- 
coding cDNAs. 

Many ncRNAs appear to start from initia- 
tion sites in 3’ untranslated regions (3’UTRs) 
of protein-coding loci (/6). The normalized 
distribution of CAGE tags along annotated 
exons of known transcripts with more than 300 
mapped tags each is shown in Fig. 2A. As 
expected, the highest tag density on average 
occurs at the 5’ end, but there is also a sub- 
stantial increase of tags in the last one-fifth 
of the 3’'UTR. Strong evidence of 3’ end 
initiation was correlated with a short inter- 
genic distance when in tail-to-tail orientation 
with a neighboring gene (Fig. 2B), suggest- 
ing a possible role in an intergenic regulatory 
interaction. 

The function of ncRNAs is a matter of de- 
bate (17). Some ncRNAs are highly conserved 
even in distant species: 1117 out of 2886 
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Table 2. Transcript grouping and classification. The extent of splice variation was calculated by excluding 
T-cell receptor and immunoglobulin genes from the transcripts. The remaining 144,351 transcripts were 
grouped in 43,539 TUs, of which 18,627 (42.8%) consist of single-exon transcripts, 8110 (18.6%) contain 
a single multiexon transcript, and the remaining 16,802 TUs (38.6%) contain at least two spliced 
transcripts. Among these TUs, 5862 (34.9%) show no evidence of splice variation, whereas 10,940 


(65.1%) contain multiple splice forms. 


Average Average 
Total per TU per TK 
cluster cluster 
Total number of transcripts 158,807 7.59 7.30 
RIKEN full-length 102,801 
Public (non-RIKEN) mRNAs 56,006 
GFs 25,027 1.20 1.15 
Framework clusters 31,992 1.53 1.47 
TUs 44,147 241 2.03 
With proteins 20,929 1.00 0.96 
Without proteins 23,218 141 1,07 
TK 45,142 2.16 2.07 
With proteins 21,757 1.04 1.00 
Without proteins 23,385 1.12 1.07 
Splicing patterns 78,393 3.75 3.60 


Table 3. Determination of transcripts start/end 
accuracy. Two pieces of evidence (cDNA, tags, 
ditags, EST, and 5’-3’ EST pairs) are required when 
TSS/terminations lie inside larger transcripts, and 
one piece of evidence is required when they extend 
or identify new transcripts. Reliable indicates that 
both ends are associated with reliable tag clusters. 


Total Reliable 
Total 5’/3’-end 1,507,122 1,336,397 
pair sequence 
5//3’-end pair cluster 313,821 181,047 


overlap chicken sequences, of which 780 do 
not overlap known CDS and 438 do not over- 
lap known mRNAs on either strand, whereas 
68 out of 2886 have BLAST-like alignment 
tool (BLAT) alignments to the Fugu ge- 
nome, of which 40 do not overlap known 
CDS on either strand. These ncRNAs are at 
least as conserved as a reference set of 
known ncRNAs (Fig. 3A), contrary to a pre- 
vious study (/7). However, ncRNAs are 
slightly less conserved on average than 5’ or 
3’UTRs. In contrast, the promoter regions of 
ncRNAs are generally more conserved than 
the promoters of the protein-coding mRNA, 
not only between human and mouse but also 
down in the evolutionary scale to chicken 
(Fig. 3, B to F), and they contain binding 
sites for known transcription factors (/8). We 
conclude that the large majority of ncRNAs 
that we analyzed display positional conser- 
vation across species. In considering func- 
tion, one might conclude that the act of 
transcription from the particular location is 
either important or a consequence of ge- 
nomic structure or sequence (for example, 
enhancers such as that of the globin locus 
can act as promoters), the transcript may 
function through some kind of sequence- 
specific interaction with the DNA sequence 
from which it is derived, or many noncoding 
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RNAs have other targets but are evolving 
rapidly (19, 20). 

New databases have been created for cDNA 
annotation, expression, and promoter analy- 
ss (tp fantom3.gscriken, pdb] and SOM 
text 6). The databases integrate common 
gene and tissue ontologies like eVOC mouse 
developmental ontologies (2/), cross mapped 
to Edinburgh Mouse Atlas Project (EMAP) 
ontology terms (22). These eVOC terms al- 
low analysis standardization of RNA sam- 
ples used for cDNA and CAGE libraries in 
both mouse and human and were included 
into the DNA Database of Japan (DDBJ) 
data submission (23). 

Analysis of the output of FANTOM2 sug- 
gested that there were many more tran- 
scripts still to be discovered (24). Here, we 
have confirmed that the majority of the 
mammalian genome is transcribed, com- 
monly from both strands. Such transcriptional 
complexity implies caveats in interpretation 
of microarray experiments (25) and genome 
manipulation in mice, because these will 
commonly interrupt or interrogate more than 
one TK. Although the current overview gives 
us an indication of the complexity of the 
mammalian transcriptional landscape and a 
new set of tools to begin to understand 
transcriptional control (for example a very 
large set of promoters that can be ascribed 
to distinct classes) (16), we also gain in- 
sight into the scale of the task that remains. 
The ditag data indicate the existence of 
very long transcripts whose isolation and 
sequencing will require new cloning and 
sequencing strategies. Although we have iso- 
lated and sequenced many putative ncRNAs, 
the FANTOMS3 collection only contains 40% 
of those already known. Finally, the focus 
has been on polyadenylated mRNAs that 
are processed and exported to the cytoplasm. 
Recently, Gingeras and colleagues (5) have 
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shown that the set of nonpolyadenylated nu- 
clear RNAs may be very large, and that many 
such transcripts arise from so-called inter- 
genic regions (7). The future can only reveal 
additional complexity in the mammalian 
transcriptome. 
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Antisense Transcription in the 
Mammalian Transcriptome 


RIKEN Genome Exploration Research Group and 
Genome Science Group (Genome Network Project Core Group) 
and the FANTOM Consortium 


Antisense transcription (transcription from the opposite strand to a protein- 
coding or sense strand) has been ascribed roles in gene regulation involving 
degradation of the corresponding sense transcripts (RNA interference), as well 
as gene silencing at the chromatin level. Global transcriptome analysis 
provides evidence that a large proportion of the genome can produce 
transcripts from both strands, and that antisense transcripts commonly link 
neighboring “genes” in complex loci into chains of linked transcriptional units. 
Expression profiling reveals frequent concordant regulation of sense/antisense 
pairs. We present experimental evidence that perturbation of an antisense 
RNA can alter the expression of sense messenger RNAs, suggesting that 
antisense transcription contributes to control of transcriptional outputs in 


mammals. 


The sense strand of DNA generally provides 
the template for production of mRNA, which 
in turn encodes proteins. Transcription from 
the opposite (antisense) strand can produce 
transcripts that hybridize with the coding 
DNA strand, or with the antisense tran- 
script, to interfere with transcription or mRNA 
stability. 

Although previous analysis of the mamma- 
lian transcriptome suggested that up to 20% of 
transcripts may contribute to sense-antisense 
(S/AS) pairs (/—3), large-scale cDNA sequenc- 
ing in the FANTOM3 project (4) suggests that 
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antisense transcription is more widespread. To 
elucidate the function of S/AS pairs, we used 
the FANTOM3 data set to analyze their loca- 
tion in the mouse genome, the extent and posi- 
tion of their overlap, and promoter architecture 
and regulation (4). 

Analysis of the imprinted gnas locus in mice 
demonstrated numerous sense and antisense 
transcripts expressed selectively depending on 
parental chromosomal origin (5). However, 
paired S/AS expression is not restricted to 
imprinted loci. For example, fig. S1 shows the 
complex transcript overlap patterns of the HoxA 
locus and complex transcript overlap patterns. To 
analyze such complex loci on a genomewide 
scale, we generated a cDNA set comprising 
158,807 full-length transcripts obtained by 
merging the 102,801 Fantom-3 cDNA set 
with mouse 


cDNAs from GenBank 
Genbank/) and clustering the cDNAs into 


transcriptional units (TUs), in which mem- 
bers share sequence transcribed from the 
same strand. There were 50,111 overlapping 
transcript pairs, grouped into 29,780 nonre- 
dundant different overlapping regions in 8331 
TU pairs (9713 distinct representative over- 
lapping regions). 


In the accompanying paper (4), transcrip- 
tion and termination sites were identified. On 
the basis of this information, more than 72% 
of all genome-mapped TUs (43,553) overlap 
with some cDNA, 5’ or 3’ expressed sequence 
tag (EST) sequence, or tag or tag-pair region 
mapped to the opposite strand (Table 1). From 
the above data, 4520 TU pairs contain full- 
length transcripts, which form S/AS pairs on 
exons (Table 2). S/AS interaction might also 
occur between immature RNAs (heteroge- 
neous nuclear RNA, hnRNA) in the nucleus. 
Furthermore, introns themselves can origi- 
nate smaller RNA with biological activity 
(6). In addition to transcript pairs that share 
exons in opposite orientations, 4129 TU 
pairs were transcribed from different strands 
of the same locus without apparently sharing 
overlapping exons (Table 2). Although con- 
servative, the combined S/AS prediction is 
1.5- to 2-fold greater than that from previ- 
ous studies of mouse (/) and human (2, 3, 7) 
transcripts. 

Overlaps of cis S/AS pairs can target dif- 
ferent portions of the corresponding TU, 
giving rise to three basic types of S/AS pairs 
(fig. S2): head-to-head or divergent (D), tail-to- 
tail or convergent (C), and fully overlapping (F). 
The relative abundance of these classes is 
shown in Table 3. The divergent (head-to-head) 
classes are the most prevalent, contrasting to 
previous studies emphasizing convergent cis 
S/AS pairs (3’-3’ end) (2, 8, 9). For exam- 
ple, the insulin-like growth factor 1 receptor 
(IGF1R) shows a very strong antisense CAGE 
tag overlapping the promoter of the sense 
transcript, which provides a parallel to the 
AIR noncoding RNA (ncRNA) in the IGF2R 
loci (10). 

S/AS phenomena affect different types of 
genes (tables S1 and S2) and are unevenly 
distributed across the genome (table S3). 
Mouse chromosomes 4 and 17 show a S/AS 
pair density that is greater than average, 
whereas chromosomes 6, 9, and 13 show a 
S/AS pair density that is significantly lower 
than average (table S3). Chromosome 6 is 
largely homologous to human chromosome 7, 
which is known to be rich in RNAs transcribed 
by RNA polymerases I and III, a facet not 
captured by our approach (//). The X chromo- 


Table 1. Number of individual TUs showing S/AS overlap. “Single or multiple evidence”: at least one type 
of evidence was used for classification. “Multiple evidence”: at least two independent transcripts were 
detected. “Overlapping cDNA”: overlap using only the cDNA data set. Noncoding TUs do not have any 
coding cDNA in the cluster. Coding TUs may contain noncoding variants of coding transcripts. 


TUs potentially involved in S/AS pair 


Total no. ; 
” of TUs Overlapping Saba! Multiple TUs with overlapping 
OE TAB pale SI08Ie OF evidence cDNA evidence 
multiple evidence 
Coding TU 20,714 18,021 (87.0%) 13,711 (66.2%) 7,223 (34.9%) 
Noncoding TU 22,839 13,401 (58.7%) 8,593 (37.6%) 5,296 (23.2%) 
Total 43,553 31,422 (72.1%) 22,304 (51.2%) 12,519 (28.7%) 
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some contains the fewest bidirectional pairs, 
which could be related to monoallelic inacti- 
vation because S/AS pairs are also enriched in 
imprinted regions (5). We have identified 2114 
transcripts (1985 TUs) that are potentially im- 
printed (/2). Among them, on the basis of 
directly overlapping cDNAs, EST, CAGE tags, 
and GSC/GIS ditags, 1281 (23% more than 
expected, P = 2.26 x 10715) showed S/AS 
pairs, and up to 81% of all imprinted TUs 
showed S/AS pairs when AS sequences to 
introns were included. This result suggests 
that S/AS pairing is almost universally asso- 
ciated with candidate imprinted loci. In view 
of the low frequency of S/AS pairs on the X 
chromosome, it should be noted that random 
allelic inactivation also occurs on the auto- 
somes, albeit at lower density than on the X- 
chromosome (/3). 

Together with microarray analysis (table 
S4), CAGE tag frequency data represent a de 
facto expression profiling approach, and al- 
lowed further validation of the coexpression 
of S/AS pairs (table S5). Randomly primed 
CAGE libraries identified more S/AS pairs 
than did oligo-dT primed CAGE libraries, 
suggesting that some polyadenylate [poly(A)] 
minus RNA transcripts or very long non- 
coding RNA transcripts are involved in S/AS 
(fig. S3, table S5). In keeping with an earlier 
report (14), S/AS CAGE tags were detected 
concordantly at greater than the expected fre- 
quency. These coexpressed S/AS pairs (table 
S6) show complex and tissue-specific regu- 
lation. Specific examples are considered in 
fig S4. Different types of genes are pref- 
erentially involved in S/AS regulation, with 
particular overrepresentation for cytoplasmic 
proteins and underrepresentation for mem- 
brane and extracellular proteins (tables S1 
and 82) (/5). 

Possible regulatory interactions between 
S/AS pairs can be assessed by monitoring 
correlation of expression with time. To assess 
such patterns of regulation, we selected S/AS 
pairs for transcripts where the expression was 
substantially increased or decreased during the 
activation of bone marrow-derived macro- 
phages by bacterial lipopolysaccharide (LPS) 
(16). Out of 15 S/AS pairs tested, 7 showed 
various patterns of reciprocal regulation (Fig. 


Table 2. Pairwise analysis of S/AS TUs with cDNA 
support. Nonexon overlapping bidirectional pairs 
indicate S/AS pairs having exons overlapping 
introns of the counterpart, but no exon-exon 
overlaps, including TUs within antisense TUs. 


Bs Giscas 
TU pairing types pairs overlapping 
S/AS pairs 
Coding-coding 1687 1081 
Coding-noncoding 2478 2452 
Noncoding-noncoding 355 596 
Total 4520 4129 


1). Three S/AS pairs showed proportional co- 
regulation, where both members of the S/AS 
pair decreased with time. Two pairs showed 
reciprocal regulation, where one transcript 
concentration was induced while the other 
declined in response to LPS. Two more regu- 
lated S/AS pairs showed no obvious connec- 
tion. A transcriptional map of these transcripts 
is available in fig. S5. 

Although concordant regulation is more 
frequent in S/AS pairs, there are many exam- 
ples in which the two transcripts are expressed 
reciprocally. Examples were chosen to test 
the effect of disturbing the expression of one 
or the other partner in the S/AS pair. Out of 
five S/AS pairs selected from expression 
profiling (J7), two produced divergent co- 
regulation. Figure 2A shows an example of 
reciprocal regulation of two coding tran- 
scripts, Ddx39 (AK012002) and CD97 [a G 
protein—coupled receptor (AK004577)]. Tar- 
geted small interfering RNA (siRNA) inhibi- 
tion of Ddx39 led to an increase in CD97 
mRNA, but the reciprocal effect was not ob- 
served (Fig. 2A). 

CAGE data identified potentially coregu- 
lated S/AS pairs in mouse hepatocyte Hepal-6 
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cells. In contrast with the above correlation, 
the inhibition of sense hypothetical aminoacyl— 
tRNA synthetase class I[-containing protein 
(1530027A02) resulted in decreased anti- 
sense C/EBP delta expression, but the re- 
verse interaction was not observed (Fig. 2B). 
The association between these two tran- 
scripts was tested further by transiently over- 
expressing 1530027A02 (Fig. 2C), which 
caused induction of CEBP/delta expression. 
This finding argues against the simplistic as- 
sumption of a negative regulatory role of anti- 
sense transcription. 

Similarly, the cytoplasmic level of CDC23 
was decreased by siRNA against the AS 
transcript Kif20a for 48 hours (Fig. 2D). 
Here, the RNA concentration in the nucleus 
was diminished, suggesting moderate reduc- 
tion at a nuclear level as well. Another ex- 
ample is shown in the human HeLa cell line, 
in which siRNA-mediated ablation of an 
antisense thymidylate synthetase transcript 
produced a marginal, but reproducible, elevated 
level of the thymidylate synthetase mRNA 
(Fig. 2E). 

The examples above involve S/AS pairs in 
which both partners encode protein, and the 
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Fig. 1. Time-course analysis of S/AS pairs. Expression of S/AS RNA 
pairs was verified by reverse transcription polymerase chain 
reaction over 24 hours after activation of macrophages with LPS. 
R, correlation coefficient. y axis, relative expression; blue/pink 
symbols ratio, actual expression levels at time 0 hours. (A to G) 


Different S/AS transcript pairs. 


The 
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Table 3. Directionality of S/AS TUs. Type of S/AS pairs overlap, as in fig. $2. Convergent S/AS pairs 
overlap tail to tail (3’-3’), and divergent S/AS pairs overlap on the promoter (5’-5’ overlap). Numbers in 
parentheses: relative difference from expected values (coefficient of variation). The plus or minus sign 
indicates direction of deviation. Discrepancies from Table 2 derive from counting in all corresponding 
columns TUs having more than one transcript overlap. 


TU pairing types Divergent Convergent Full overlap 
Coding-coding 727 (+0.03) 885 (+0.31) 375 (—0.38) 
Coding-noncoding 1092 (0.00) 832 (—0.20) 1129 (+0.22) 
Noncoding-noncoding 113 (—0.18) 132 (+0.01) 140 (+0.20) 
Total 1932 [+0.07| 1849 [+0.02] 1644 [—-0.09] 
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transcripts are processed and exported to the 
cytoplasm. We also manipulated the expres- 
sion of six pairs in which one partner is 
noncoding, and in four of them there was a 
slight positive correlation (/8). In three other 
S/AS pairs in the two different cellular systems 
tested, there was no evidence that ablation of 
the AS transcript altered the level of the sense 
transcript. This finding is consistent with the 
unaffected phenotype in ROSA-26 locus 
knockout mice, in which ablation of ncRNA 
did not alter expression of overlapping coding 
transcripts (19). 

S/AS hybrids can potentially provide the 
templates for transcript cleavage involving 
the enzyme Dicer, which forms the molecu- 
lar basis for so-called RNA interference 
(RNAjI) (20). Dicer cleaves the RNA duplex 
to produce siRNAs, which in turn catalyze 
cleavage of the corresponding mRNA. siRNAs 
can also participate in transcriptional gene 
silencing in the nucleus (2/—23). In addition, 
Dicer seems to be essential for heterochro- 
matin formation in vertebrate cells (24). In 
addition to siRNA-mediated activities, non- 
coding antisense RNAs apparently contribute 
to local chromatin modification or methyla- 
tion when they overlap the sense promoter 
(25-27). 

Both RNAi and RNA-dependent hetero- 
chromatin assembly, as the basis for function 
in S/AS pairs, would predict that the transcripts 


display divergent regulation, but most S/AS 
pairs in our study were positively correlated 
in their expression. Alternatively, coexpres- 
sion would occur if the transcription of 
the S/AS pair was controlled by the same 
enhancer elements (28). If antisense tran- 
scripts do reflect the transcriptional activity 
of enhancers, the act of transcription from 
the antisense promoter may generate the reg- 
ulatory interaction. In the imprinted IGF2R 
locus, the antisense transcript, AIR, does not 
imprint the overlapping Mas/ gene, and elim- 
ination of the transcriptional overlap with 
IGF2R in a transgene does not prevent si- 
lencing (29). Hence, some effects of antisense 
transcription may not require the formation of 
an RNA duplex. 

The large-scale transcriptome profiling 
of the mouse by the Fantom3 Consortium 
reveals that antisense transcription is wide- 
spread in the mammalian genome. Although 
there are some examples in which the pairs 
are discordantly regulated, and some ex- 
perimental evidence of a direct regulatory 
interaction, generally the S/AS pairs are pos- 
itively correlated. Whether concordant or 
discordant regulation reflects common or 
divergent regulation, or cis/trans-acting regu- 
latory interactions, will require detailed anal- 
ysis of the kind presented here for each of 
the pairs of transcripts under a wide range of 
conditions. 


A B @CEBPD 
150 (11530027A02 
sy rd 24h 48h 
Ronn 7 
= 2 3 
ma B Dado I 
Sy 
© +00 coo? 0 
S 200 o 
v ie 
2 150 a 
g é 
© 100 o © 
uv | 
Paes +e 
° | | 
2 a 
& o = e 4 lal ul LJ 
control CEBPD 1S30027A02 centro PD 53 0 
siRNA siRNA siRNA siRNA 
0 
red —1s30027A02 _D achm. © ats-As 
~ “> CEBPD . }coc23 OTr-s 
3 #150 # 150 “r 
c 100 Ps, 5 Cytoplasmic Nuclei 5 
5 = 3 4 
o “x % 8 
3 / \ $ 100 ° 100 a 
\ Ne 
\ a 
= . & x : 
® 
© © 50 g 50 
> 2 2 if 
> 2 
z 8 = 
3 © 4 
e SO or | oa ws | | 


36h «(48h | HOh ontrol KIF2 
GRNA 


x CDOC23 control TS-AS s-5S 
xr RNA siRNA RNA ANA 


Fig. 2. Expression perturbation of S/AS pairs. siRNAs were designed against the indicated 
transcripts to specifically inhibit only the target transcripts without producing an off-target effect. 
(A) Relative expression of the coding transcripts Ddx39 and CD97 24 hours after transfection. The 
Ddx39 transcript was silenced by siRNA designed to inhibit the transcript at two positions, Ddx39-1 
and Ddx39-2, outside the CD97 overlap. (B to D) Hepa1-6 mouse cells. (B) siRNA perturbation of 
CEBPD (CCAAT/enhancer-binding protein related) and 1530027A02 (hypothetical aminoacyl-tRNA 
synthetase class Il). (C) Overexpression of 1530027A02 transcript induces overexpression of 
CEBPD. (D) Perturbation of KIF20a (rabkinesin-6) and CDC23 (cell division cycle 23 yeast homolog) 
testing both cytoplasmic and nuclear RNA. (E) HeLa cell. Ts-S, thymidylate synthase; TS-AS, 
thymidylate synthase antisense. Results represent the mean +SE of three independent experiments 
performed in triplicate relative to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) controls. 


Controls, no siRNA added. 
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Elucidation of the Small RNA 
Component of the Transcriptome 


Cheng Lu,’ Shivakundan Singh Tej,’ Shujun Luo,* 
Christian D. Haudenschild,* Blake C. Meyers, "** 
Pamela J. Green’:7:3* 


Small RNAs play important regulatory roles in most eukaryotes, but only a 
small proportion of these molecules have been identified. We sequenced 
more than two million small RNAs from seedlings and the inflorescence of 
the model plant Arabidopsis thaliana. Known and new microRNAs (miRNAs) 
were among the most abundant of the nonredundant set of more than 75,000 
sequences, whereas more than half represented lower abundance small 
interfering RNAs (siRNAs) that match repetitive sequences, intergenic regions, 
and genes. Individual or clusters of highly regulated small RNAs were readily 
observed. Targets of antisense RNA or miRNA did not appear to be pref- 
erentially associated with siRNAs. Many genomic regions previously con- 


sidered featureless were found to be sites of numerous small RNAs. 


Small RNAs [21 to 24 nucleotides (nt)] func- 
tion to silence genes by multiple mechanisms 
and are present in diverse eukaryotic orga- 
nisms. Among these molecules, small interfering 
RNAs (siRNAs) and microRNAs (miRNAs) 
are the two major types, and both are produced 
by RNase IJI-like enzymes called DICERs 
(J, 2). Whereas siRNAs are processed from 
longer double-stranded RNA molecules and 
represent both strands of the RNA, miRNA 
molecules originate from “hairpin” precur- 
sors transcribed from one strand of distinct 
genomic loci. Existing methods do not sequence 
deeply enough to sample the full complexity of 
small RNAs in plant and animal systems, nor 
do they quantify small RNA abundances. 
To investigate the complexity of small 
RNAs, we adapted massively parallel signa- 
ture sequencing (MPSS) for these molecules 
(fig. S1). MPSS sequences hundreds of thou- 
sands of molecules per reaction and provides 
quantitative information. Briefly, small RNA 
molecules are isolated by size fractionation on 
a polyacrylamide gel; RNA adapters are se- 
quentially ligated to the 5’ and 3’ ends; and re- 
verse transcriptase generates the first strand of 
cDNA, which is amplified and used as the tem- 
plate for MPSS (3). We generated libraries using 
small RNA of Arabidopsis inflorescence or 
seedlings, resulting in 721,044 (67,528 distinct) 
and 686,124 (27,833 distinct) 17-nucleotide se- 
quences or “signatures,” respectively (Table 1A; 
see SOM for the second round of sequencing 
on seedlings in Table 1B). For the two li- 
braries, 77% of the total distinct small RNA 
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sequences matched the genome [the Institute 
for Genomic Research (TIGR) version 5.0] 
(4), representing 84% of the nearly 1.5 million 
total signatures (Table 1A) and exceeding by 
more than 10-fold the total distinct sequences 
from all previous Arabidopsis studies (5). The 
unmatched signatures may be derived from ge- 
nomic gaps such as ribosomal RNA (rRNA) 
repeats or centromeres or may result from se- 
quencing errors (6). Signatures matching to 
rRNAs, transfer RNAs (tRNAs), small nucle- 
olar RNAs (snoRNAs), or small nuclear RNAs 
(snRNAs) made up 5.9% of the inflorescence 
library and 31.9% of the seedling library (table 
S1), lower levels compared with those pre- 
viously reported (7, 8). Even after removing 
these RNAs from consideration, the inflores- 
cence library was proportionally more complex 
(Table 1A). The increased levels and diversity 
of small RNAs in inflorescence could reflect 
stronger silencing of transposons in the germ- 
line tissue, similar to that of Caenorhabditis 
elegans (9). Of the distinct signatures in the 
inflorescence and seedling libraries, 68.7 and 
52.4%, respectively, matched unique sites in 
the genome (table S2). 
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We examined the distribution of small RNAs 
on the five Arabidopsis chromosomes and 
compared this with repeat and mRNA abun- 
dance distributions (Fig. 1, A and B; and fig. 
S2). The small RNAs from both libraries were 
highly concentrated in the pericentromeric 
regions of each chromosome, similar to the 
repeats. In contrast, mRNA levels were great- 
est in the euchromatic regions (fig. S2). The 
small RNA data for these and other specific 
genomic locations are best examined via the 
Web (10); the site provides detailed informa- 
tion about each signature that can be accessed 
by clicking on the corresponding triangle. 

More than half of the genomic sequences 
matching the small RNAs in the two libraries 
were transposons or retrotransposons (table 
S3a). However, the small RNAs matching these 
sequences accounted for less than half the 
number of distinct small RNAs (Fig. 2) be- 
cause more than 80% of these predicted 
siRNAs matched multiple locations in the 
genome. The corresponding small RNA sig- 
natures were predominantly found at moder- 
ate abundances (11 to 100 TPQ, transcripts 
per quarter million). At least half of the 
11,324 retrotransposon or transposon-related 
sequences in the Arabidopsis genome had 
matches to small RNAs in each library, and 
small RNAs matched to 41% of 572 pseudo- 
genes (table S3a). 

The relative number of distinct small RNAs 
per megabase of sequence was lower for genes 
than for other genomic features (Fig. 2, table 
S3, a and b). About two-thirds of the genes 
that were matched had relatively few small 
RNAs (1 to 10 TPQ). These low-abundance 
signatures could represent perfectly matched 
miRNAs, or siRNAs targeted to silenced genes, 
unannotated pseudogenes, unannotated re- 
peats, or other unknown sources of siRNAs 
(Fig. 1C). Matching the small RNAs to genes 
in different GO functional categories indicated 
that the small RNAs were well distributed 
among a broad range of cellular processes 
and molecular functions (table S4). A com- 
parison of mRNA and small RNA MPSS data 
for highly expressed genes suggested that 


Table 1. Summary statistics for small RNA MPSS libraries. The signatures sequenced for each library 
reflect the sum of two sequencing reactions. “Distinct” refers to the number of different sequences 
found within the set. “Total” refers to the union of the different libraries. “Genome matches” refers to 
distinct signatures that perfectly match to at least one location in the genome, and includes signatures 


matching to tRNAs, rRNAs, snRNAs or snoRNAs. 


: Signatures Distinct Genome 
No. Library 3 
sequenced signatures matches 
A. Inflorescence and seedling signatures 
1 Inflorescence 721,044 67,528 56,920 
2 Seedling 686,124 27,833 17,101 
Total of rows 1 and 2 1,407,168 91,445 70,633 
B. Additional signatures from a second round of sequencing from seedlings 
3 Seedling 802,978 33,640 20,379 
4 Combined seedling 1,489,102 42,062 24,650 
Total of all libraries 2,210,146 104,800 77,434 
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Fig. 1. Small RNAs map to numerous chro- A 
mosomal locations. (A) Inflorescence small 
RNAs matched to chromosome 1. The height 
of the vertical lines indicates the abundance 
of the small RNA. Maximum height of black 
bar, >25 TPQ; red bar maximum >125 TPQ. 
(B) A pericentromeric region from Chr. 1. 
Retrotransposon-related sequences iden- B 
tified by RepeatMasker are highlighted in 
pink, and this entire region was found to be 
repetitive, including the spaces between an- 
notated retrotransposons. Black triangles above 
or below the matching strands, small RNAs; 


hollow triangles, signatures mapping to more © 


than one location; red or blue boxes, exons on 
top or bottom strands, respectively; colored 
triangles, poly(A) (MPSS from polyadenylated 
RNA) MPSS signatures; retrotransposons, thin 
yellow bars. (C) A typical genic region; most 
small RNAs map to intergenic regions which py 
are often unannotated transposon-related se- 


quences. Yellow shading, DNA transposon- —1180K ” 


related sequences identified by RepeatMasker. 
(D) An intergenic region of chr. 5. Orange 
box, small RNAs and poly(A) MPSS signatures 
that correspond to mir172. 


the small RNA data contained only a very 
low level of degradation products of the 
longer mRNAs. 

The number of distinct small RNAs that 
matched to intergenic regions exceeded the 
numbers that matched to genes, pseudogenes, 
transposons, or retrotransposons (Fig. 2), an 
observation that cannot be explained by the 
fraction of the genome that these entities 
comprise. Inflorescence small RNAs match- 
ing intergenic regions were about four times 
as complex as those from seedlings, and this 
complexity difference was evident to a slight- 
ly lesser extent for small RNAs in other 
categories (Fig. 2; table S3, a and b). Small 
RNAs in the intergenic regions potentially 
represent miRNAs or siRNAs from unan- 
notated repeats such as tandem or inverted 
genomic repeats (//). We observed good cor- 
relations for tandem repeats (r = 0.5986) 
and inverted repeats (7 = 0.4955) and small 
RNAs, based on comparisons of the repeat 
scores (representing the size and percent 
sequence identity) versus the total numbers 
of matching small RNA signatures for each 
repeat. 

Repetitive sources of siRNAs should produce 
numerous small RNAs that match nearby 
sequences, whereas each miRNA derives from 
a specific sequence within the corresponding 
miR gene(s). We developed a proximity-based 
algorithm to build clusters of small RNAs, so 
that clusters with overlapping genomic loca- 
tions could be compared across libraries. 
Moreover, the characteristics of these clus- 
ters may help differentiate novel miRNAs from 
siRNAs, as sparse clusters may characterize 
miRNAs and dense clusters may characterize 
siRNAs. 

Genes matched by small RNAs contained 
an average of one sparse cluster (table S3c). 
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distinct small RNAs 


matched from the inflorescence library; black vertical bars, total number of distinct small RNAs 
matched from the seedling library; the scale for distinct small RNAs is on the left. 


In contrast, many transposons contained more 
than one cluster, typically dense. In the inter- 
genic, unannotated regions of the Arabidopsis 
genome, more than 4600 clusters of small 
RNAs were identified in the inflorescence 
library alone, which suggests a previously un- 
recognized activity for a large proportion of 
the intergenic space. A comparison of genes 
with and without antisense transcripts for 
small RNAs indicated no correlation (table 
S7), consistent with and extending previous ar- 
guments against small RNA involvement in 
general antisense control (/2, /3). Never- 
theless, the impact of small RNAs may be far 
greater than this analysis of perfectly match- 
ing signatures reflects, because small RNAs 
are active against imperfectly matched tar- 
gets (14, 15), and such interactions may be 
numerous (table S5). 

Of the 4067 genes matched by small RNAs, 
693 (17%) contained small RNAs found in 
only one of the two libraries (table S6). Four 
times as many of these sequences were specific 
to inflorescence as to seedling (SOM file 2), 
which may reflect a greater variety of special- 


ized cell types or an increased use of small 
RNAs in all cell types within the inflorescence. 
We selected representative known miRNAs or 
new small RNAs for validation by RNA gel- 
blot analysis. Figure 3A includes examples of 
signatures that were specific to or highly pref- 
erential for inflorescence or seedlings (signal 
in only one library, or >100-fold greater in one 
library). These include AS02, which is a known 
sIRNA (6), and five new small RNAs (sm18, 
sm19, sm1, sm35, and sm39). Clear differential 
expression recapitulating the MPSS results was 
detected for all probes. We also examined 
several small RNAs that exhibited 10- to 100- 
fold differences in accumulation, represented 
in Fig. 3A by mirl72, a known miRNA, sm14, 
and sm38. The correlation between RNA gel 
blots and MPSS was strong, but not always 
perfectly proportional, particularly for small 
differences or low abundances (see SOM). 
Most siRNAs in Arabidopsis are depen- 
dent on the RNA-dependent RNA polymer- 
ase, RDR2 and are absent in an rdr2 mutant 
(16). RNA isolated from the inflorescence of 
the rdr2 mutant was also included in our 
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Fig. 3. Regulation and identification of new miRNA candidates. (A) Dif- 
ferential control of miRNAs and siRNA. RNA gel blots of low-molecular- 
weight RNA isolated from inflorescence tissues (I) and 2-week-old seedlings 
(S) were probed with labeled oligonucleotides. The blots also included RNA 
from inflorescence tissues of the rdr2 mutant (I™). The normalized 
abundance level from the MPSS data for each small RNA is listed above 
the blots, and ethidium bromide staining of the 5S/tRNA region of the gels is 
shown below. (B) Five-way Venn diagram of selection criteria for miRNAs. 
The number of distinct signatures matching the criteria is indicated in each 
box numbered in upper right as mentioned in the text and table S8. The 
figure excludes 39,622 distinct signatures that did not pass any of the 
criteria. See SOM and text for descriptions of the paired, sparse, and 
abundance filters and application of the AtSet1 and AtSet2 data sets (20). 
Probes for the right-hand blots in (A) are from box 3. 


blots (I™ in Fig. 3A and fig. S3) to help dis- 
tinguish new siRNAs and miRNAs. As ex- 
pected, siRNA AS02 is lacking in this mutant 
as reported previously (/6), as are sm18 and 
sm19 (Fig. 3A, left). The other new small 
RNAs in Fig. 3A and fig. S3 are not dimin- 
ished in rdr2. These are presumably miRNAs, 
although it is possible that they belong to a 
specialized class of siRNAs dependent on 
another RDR such as RDR6 (/6). Indeed, of 
these RDR2-independent small RNAs, sev- 
eral derive from regions that can form typi- 
cal pre-miRNA hairpin structures (see fig. S4 
for examples) and, thus, fit the requirements 
for annotation as new miRNAs (/7). 

Most of the miRNAs known at the time 
of this analysis (18) were found in our data 
set (77 of 92). Signatures exactly matching 
73 miRNAs accounted for ~40% of the total 
abundance of genome-matched signatures 
from the inflorescence library, and 72 known 
miRNAs accounted for ~62% of seedling 
signatures (SOM file 1, Fig. 1D). We exam- 
ined 61 known or predicted mRNA targets of 
Arabidopsis miRNAs for evidence of transi- 
tivity, the production of secondary siRNAs 
that match a target gene outside the sequence 
originally targeted. Although transitivity is 
common for transgene miRNA targets (/9), 
most endogenous targets had no matching 
small RNAs other than miRNAs, or the only 
matching small RNAs were few, of very low 
abundance, or corresponded to repeats (see 
SOM). 

To enrich for new miRNAs, we developed 
a set of filters that captured the majority of the 


77 known miRNAs present in the small RNA 
MPSS data. Our abundance and sparse cluster 
filters captured 71 and 58, respectively, and 
the “paired” filter, designed to identify small 
RNAs near another small RNA that could be a 
miRNA (the complementary molecule produced 
from the opposite arm of the miRNA precur- 
sor), identified 39 known miRNAs (table S8). 
These filters were applied in combination with 
hairpin folding (4fSet1) and rice conservation 
(AtSet2) data sets (20) to generate the five-way 
Venn diagram in Fig. 3B. Among those that 
form hairpins, the sequences in box 3 were re- 
tained by all of the three filters and represent 
good candidates for novel miRNAs (right, 
Fig. 3A). None were lacking in the inflo- 
rescence of the rdr2 mutant as expected. This 
is also true for representatives of box 9 retained 
by the sparse and abundance filters and box 2, 
which had paired and sparse configurations 
but was not identified by the AfSet! filter (fig. 
S3b). The absence of these sequences in AtSet2 
indicates that filters based on MPSS data can 
enhance miRNA prediction capability even 
when cross-species conservation is lacking. 
Our data indicate that the small RNA com- 
ponent of the genome and its regulatory role is 
more extensive and complex than previously 
demonstrated. Many regions of the genome 
considered inactive or featureless were found 
in our analyses to be sites of considerable 
small RNA activity. Insight into the functional 
basis for this complexity will result from de- 
tailed analyses of the Arabidopsis small RNAs 
and application of this approach in diverse treat- 
ments, small RNA mutants, and other species. 
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A Strategy for Probing the 
Function of Noncoding RNAs 
Finds a Repressor of NFAT 


A. T. Willingham,’ A. P. Orth,” S. Batalov,? E. C. Peters,” 
B. G. Wen,” P. Aza-Blanc,” J. B. Hogenesch,7*+ P. G. Schultz"?+ 


Noncoding RNA molecules (ncRNAs) have been implicated in numerous biological 
processes including transcriptional regulation and the modulation of protein 
function. Yet, in spite of the apparent abundance of ncRNA, little is known about 
the biological role of the projected thousands of ncRNA genes present in the 
human genome. To facilitate functional analysis of these RNAs, we have created 
an arrayed library of short hairpin RNAs (shRNAs) directed against 512 evo- 
lutionarily conserved putative ncRNAs and, via cell-based assays, we have begun 
to determine their roles in cellular pathways. Using this system, we have identified 
an ncRNA repressor of the nuclear factor of activated T cells (NFAT), which 
interacts with multiple proteins including members of the importin-beta 
superfamily and likely functions as a specific regulator of NFAT nuclear trafficking. 


Noncoding RNAs (ncRNAs) are surprisingly 
prevalent. A systematic analysis of transcription 
observed ~ 10 times more transcriptional activ- 
ity than can be accounted for by predicted 
protein-coding genes (/). Much of this activ- 
ity was subsequently shown to be regulated 
(2). Moreover, large-scale cDNA analysis 
and genome annotations predict thousands of 
ncRNAs (3-6), and computational analysis 
suggests that over 20% of human genes are 
regulated by ncRNAs known as microRNAs 
(7). Whereas several strategies have been used 
to identify probable ncRNAs (8, 9), a sys- 
tematic approach to explore their biological 
functions is lacking. Traditional genetic studies 
with chemical mutagens are unsatisfactory be- 
cause ncRNAs are likely resistant to the 
nonsense and frameshift mutations typically 
generated in such screens. Furthermore, many 
of the biochemical methods used to character- 
ize protein complexes are not useful for 
identifying RNA components. Consequently, 
we have developed a genomics-based strategy 
to computationally identify ncRNAs conserved 
between mouse and human, and we subse- 
quently characterized their biological function 
by knockdown of the ncRNA transcripts with 
RNA interference (RNAi) in a series of cell- 
based pathway screens (/0). 

In a large-scale analysis of full-length 


454 mouse ncRNAs with significant human 
genome homology (3, //). We used a de novo 
analysis and expanded searches to more recent 
versions of both the Celera and the public 
assemblies of the human genome (/2). Ulti- 
mately, 512 ncRNAs with significant human 
homology were identified; 88 were over- 
lapping with the FANTOM data set and four 
were independently identified in a genome- 
wide analysis of ultraconserved elements (/3). 
These ncRNAs are significantly larger (aver- 
aging ~2 kb) than many characterized small 
ncRNAs and, given their initial isolation in the 
FANTOM cDNA cloning project, are likely 
transcribed by RNA polymerase II. Because 
these longer ncRNAs do not have readily 
identifiable functional domains (unlike tRNA 
or microRNA), a priori classification of the 
mouse-human conserved ncRNA data set is 
not practical. Instead, their cellular function 
was explored using an RNAi-based approach. 
Two DNA vector-encoded short hairpin RNAs 
(shRNAs) were designed for each of the 
mouse-human conserved ncRNAs, for a total 


of 1024 shRNAs (/2); human ncRNAs were 
selectively targeted because of the many avail- 
able cell-based assays that use human cell 
lines. This shRNA collection was arrayed in 
384-well tissue culture plates and screened to 
identify genes that modulate the activity of 
nuclear factor of activated T cells (NFAT) by 
using an NFAT-responsive luciferase (luc) 
reporter (/2). 

NFAT, a remarkably sensitive transcription 
factor responsive to local changes in calcium 
signals, is essential for T cell receptor—mediated 
immune response and plays a critical role in the 
development of the heart and vasculature, 
musculature, and nervous tissue (/4). Upon 
stimulation, the calcium-regulated phosphatase 
calcineurin dephosphorylates cytoplasmic sub- 
units of NFAT complexes, thus promoting 
accumulation of NFAT in the nucleus, where it 
becomes transcriptionally active. The calcium 
ionophore ionomycin increases intracellular 
calcium levels, which promotes NFAT trans- 
location to the nucleus, while low levels of the 
phorbol ester PMA (phorbol 12-myristate 13- 
acetate) lead to moderate activation of the 
activating protein 1 (AP1) transcription factor, 
which binds cooperatively with NFAT. Be- 
cause shRNAs were used to knock down 
putative ncRNAs, “activators” in this screen 
represent ncRNAs whose actual function is 
repressive in nature. One ncRNA was found, 
which, when targeted with shRNAs, resulted in 
a dramatic activation of NFAT activity. This 
noncoding repressor of NFAT (NRON) was 
then further characterized. 

When human embryonic kidney (HEK) 293 
cells were stimulated with ionomycin and 
PMA, shRNA knockdown of NRON resulted 
in significantly increased NFAT activity (Fig. 
1A and fig. S1), which was blocked by the 
addition of the calcineurin inhibitor cyclo- 
sporine A. A different set of shRNAs directed 
against mouse NRON also showed activity in 
mouse 3T3 cells (fig. S1). Furthermore, 
shRNA knockdown of NRON in the T cell— 
derived Jurkat cell line elevated NFAT activity 
in cells stimulated by both chemical (Fig. 1B) 


Table 1. NRON-interacting proteins identified by an RNA-protein affinity purification strategy using the 
long splice form (2.7 kb) of exon 3 (72). Recovered proteins were identified by mass spectrometry [see 
(12) for peptide sequences and quality scores]. trans., transport; CAS, cellular apoptosis susceptibility 
protein; JNK, Jun N-terminal kinase; ATP, adenosine triphosphate; CaM, calmodulin. 


mouse cDNAs, the Functional Annotation of Unigene Function Description Genbank 
the Mouse (FANTOM) Consortium identified 

CSE1L Nucleocytoplasmic trans. Importin-alpha export (CAS) AAC35008 
; : ; : KPNB1 Nucleocytoplasmic trans. Importin-beta 1 (karyopherin) NP_002256 
Department of Chemistry, Scripps Research Insti- = TNPO1 Nucleocytoplasmic trans. Importin-beta (transportin1) AAB68948 
tute, 10550 North Torrey Pines Road, La Jolla, CA E|F356 Protein biosynthesis Translation initiation factor AAH17887 
92037, USA. “Genomics Institute of the Novartis  Ccyi4p Proteolysis Cullin-based £3 ligase complex AAK16812 
Research Foundation, 10675 John Jay Hopkins Drive, — pein74 Proteolysis Proteasome 26S non-ATPase NP_002806 
parr Dicgene Ge Tapia UREB1 Proteolysis E3 ubiquitin protein ligase BAC06833 
*Present address: Scripps Florida, 5353 Parkside DDX3X RNA helicase DEAD-box protein 000571 
Drive—RF1, Jupiter, FL 33458, USA. IQGAP1 Signal transduction CaM-binding scaffolding protein NP_003861 
+To whom correspondence should be addressed.  PPP2R1A Signal transduction Protein phosphatase 2 subunit A P30153 
E-mail: (J.B.H.); SPAG9 Signal transduction JNK-assoc. leucine-zipper protein AAN61565 
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and T cell receptor activation. To address po- 
tential shRNA and interferon related artifacts, 
small interfering RNAs (siRNAs) corre- 
sponding to the shRNA sequences were also 
tested and shown to be active (fig. S1). In ad- 
dition, little activity was seen in an interferon- 
responsive reporter with the NRON shRNAs. 
Quantitative polymerase chain reaction (PCR) 
was used to confirm siRNA-mediated knock- 
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Fig. 1. Noncoding repressor of NFAT (NRON). 
(A) Five different shRNAs (shRNA1 and shRNA5 
share 17 bp of overlap) targeting NRON were 
tested with and without ionomycin (lono) and 
PMA stimulation. Three shRNAs showed signif- 
icant activation of an NFAT-responsive lucifer- 
ase reporter (mean + SD). Samples were 
normalized to a nonspecific shRNA (NS) in 
unstimulated cells. Similar results were ob- 
served with human U2OS and mouse 3T3 cell 
lines (fig. $1). (B) These shRNAs were also 
tested in T cell-derived Jurkat cells, with two 
shRNAs showing ~2-fold or greater activation 
of the NFAT-luc reporter. Cells were either 
chemically stimulated with lono/PMA or acti- 
vated via a T cell receptor with antibodies 
targeting CD3 (data not shown). (C) Quantita- 
tive real-time PCR (qPCR) measure of NRON 
transcript knockdown by siRNA in HEK293 cells. 
Transfection efficiency for siRNAs was greater 
than 90%. NRON siRNAs caused a reduction in 
NRON RNA, compared with a nonspecific con- 
trol siRNA: siRNA1, 42.4% reduction; siRNA2, 
13.2%; and siRNA5, 36.7% (mean + SD). 
Transcript knockdown was also measured by 
lentiviral delivery of shRNA1 (with nearly 100% 
transfection transduction efficiency), which re- 
duced NRON RNA 36.0%, compared with a 
nonspecific shRNA. 


down of NRON, and a ~40% reduction was 
observed (Fig. 1C). Transfection efficiency of 
siRNAs was shown to be over 90% for these 
experiments; lentiviral delivery of an shRNA 
(with nearly 100% infection rate) also reduced 
NRON transcript a comparable amount. Be- 
cause NRON is likely a rare transcript (see 
below), moderate changes in transcript levels 
may have pronounced cellular effects. 

To gain further insight into the function of 
NRON, we characterized its gene structure and 
expression. Based on rapid amplification of 
cDNA ends (RACE) and cDNA sequence data, 
we found that the NRON gene is composed of 
three exons, which can be alternatively spliced 
to yield transcripts ranging in size from 0.8 to 
3.7 kb (Fig. 2A). The NRON gene also has two 
large 300-to-400-base pair (bp) regions of 
near-perfect sequence conservation between 
rodents and primates (fig. S2). An analysis 
of the coding potential of NRON transcripts 
and the surrounding genomic interval further 
supports the FANTOM Consortium’s clas- 
sification of NRON as an ncRNA (/2). The 
expression of NRON was analyzed by reverse 
transcription (RT)—PCR, and the high number 
of amplification cycles required to detect 
NRON suggests that it is a relatively rare tran- 
script (Fig. 2 and fig. S2). A survey of total 
RNA from a variety of human and mouse 
tissues showed that NRON is enriched in pla- 
centa, muscle, and lymphoid tissues such as the 
thymus, spleen, and lymph node (Fig. 2, B and 
C). Furthermore, all three mouse FANTOM 
cDNA clones were originally isolated from thy- 
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mus libraries. A Northern blot of mouse RNA 
showed significant NRON expression in the 
embryo and the thymus (Fig. 2D), which is 
consistent with the enrichment in the placenta 
and the thymus seen by RT-PCR. Finally, 
NRON transcripts have a distinct tissue-specific 
distribution of splice forms, which likely serve a 
currently unknown biological function. NRON’s 
tissue-specific expression, particularly its en- 
richment in lymphoid tissues, is consistent with 
its role as a modulator of NFAT signaling. 
In order to define the molecular mecha- 
nism by which NRON represses NFAT ac- 
tivity, a biochemical approach was used to 
identify possible RNA-protein interactions. The 
3’ terminus of exon 3 of NRON was tagged 
with an RNA hairpin, which itself was bound 
tightly by the MS2 phage protein (/5). An 
MS2/maltose binding-protein fusion was 
then used to purify NRON-interacting pro- 
teins from a whole-cell protein extract, and 
their identities were determined by mass 
spectrometry (J2). After comparison to a 
nonspecific RNA control, 11 proteins were 
found to bind NRON specifically (Table 1), 
including three members of the importin-beta 
superfamily, factors which directly mediate 
the nucleocytoplasmic transport of cargoes 
such as NFAT (/6). siRNAs directed against 
four of these 11 putative interactors—a 
calmodulin-binding protein (IQGAP1), a nu- 
clear transport factor (KPNB1), the structural 
subunit of a phosphatase (PPP2R1A), and a 
component of the proteasome (PSMD11)—all 
activated NFAT activity (a two- to sixfold 


Fig. 2. NRON expression data. (A) Gene structure for mouse NRON based on 5’ RACE analysis and 
RIKEN cDNA clones (72). Gray bars in exon 3 indicate regions highly conserved between human, 
chimp, mouse, and rat (fig. $2): region A (298 bp, 90% identity) and region B (400 bp, 89% 
identity). Most of the siRNA or shRNA sequences used in this study target areas near region B. (B) 
RT-PCR of NRON from human tissues showed relative enrichment in the placenta, thymus, and 
spleen, with detectable expression in the testes, kidney, brain, and adrenal glands. (C) RT-PCR of 
NRON from mouse tissues showed elevated expression in skeletal muscle and the thymus, with 
expression also seen in the spleen, lymph node, and lung. (D) A Northern blot of mouse poly-A+ 
mRNA probed with the long splice form of NRON exon 3 showed significant NRON expression in 
the embryo and thymus, with lower expression in other tissues. The size differences in transcripts, 
ranging from 2 to 4 kb, are consistent with probable splice variants. 
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increase in NFAT activity was observed in a 
sensitized setting where NRON was also 
knocked down). cDNA overexpression of these 
four interactors had the opposite effect and 
repressed NFAT activity. Therefore, these four 
proteins, together with NRON, have a re- 
pressive effect on NFAT signaling (Fig. 3A 
and fig. S3). 


In vitro RNA protein-binding assays (/2) 
were used to further characterize the inter- 
action between NRON and the four proteins 
that showed NFAT modulatory effects. Pro- 
tein open reading frames were cloned into 
mammalian expression vectors containing an 
N-terminal FLAG tag. Then, protein extracts 
from cells expressing these plasmids were in- 


1572 


siRNA knockdown cDNA overexpression 


+ NRON-siIRNA5 
lono/PMA 


+ 50ng NFATc1 
lono/PMA 


NRON, anti-FLAG resin pull-down 


* 
nsRNA, anti-FLAG resin pull-down 


Omin RNase T1 digest 
ek on | a! ° 


10min RNase T1 digest 


NFAT-luc 
os 
S 


fold-induction of 
nN 
Oo 


Oo 
fold-induction of 
NFAT-luc 


' we 


Tania 


NFATc1-GFP Hoechst (DNA) 


lonomycin / PMA 


Hoechst (DNA) 


NRON shRNA1 (NFATc1-GFP) 


9 
8 
a7 
g6 
25 
B 4 
wo 

o3 
ge 
1 
) 


we 
fo) 
c 
() 
= 
[s) 
=] 
ne] 
c 
a 
{e) 
= 


NFATc1-GFP 


control shRNA (NFATc1-GFP) 


nuclear GFP 


% cells with 
predominantly 


control shRNA (FOXO1-GFP) 
NRON shRNA1 (FOXO1-GFP) 


0.0hr 1.5hr 3.0hr 4.5hr 


timepoint (lonomycin/PMA treatment) 


6.0hr 


Fig. 3. NRON interacts with nuclear transport factors. (A) For each NRON-interacting protein, three 
unique siRNAs were assayed for their activity on the NFAT-luc reporter. The siRNAs by themselves 
had no effect (fig. $3); however, in the presence of an siRNA targeting NRON (siRNAS), significant 
stimulation-dependent synergy was observed (mean + SD). These same proteins were also 
identified as repressors of NFAT when overexpressed in the presence of a small amount of NFAT 
cDNA to stimulate basal levels of activity. See fig. $3 for further controls and qPCR data. (B) In vitro 
RNA-binding experiments show that NRON interacts with KPNB1. The precipitation of epitope- 
tagged proteins (because of its size, IQGAP1 was split into two fragments) from cell extracts 
incubated with radiolabeled NRON (2.7 kb of exon 3) demonstrated that NRON specifically 
coprecipitates with KPNB1, when compared with a nonspecific RNA (nsRNA). In an RNase T1 
protection experiment, protein extracts containing overexpressed KPNB1 protected radiolabeled 
NRON from digestion. (C) Two NRON shRNAs show no effects on reporters for NF«B, p53, and 
AP1 transcription. NFAT data are from stimulated cells. (D) U2OS cells were selected for 
microscopy analysis because of their morphology and adherence. NFATc1 fused to GFP is an ef- 
fective reporter (79), localizing from cytoplasm to nucleus upon stimulation. (E) Cotransfection 
with NRON shRNA1 results in significantly increased NFAT nuclear localization (NFATc1-GFP), 
compared with a control shRNA (mean + SD). The forkhead transcription factor FOXO1, which also 
shuttles from cytoplasm to nucleus (24), was used as a control and was shown to be unaffected by 
NRON knockdown. 


cubated with radiolabeled NRON, and tagged 
proteins were precipitated. Cell extracts contain- 
ing overexpressed importin-beta 1 (KPNB1) 
bound significantly more NRON than did a 
nonspecific RNA control, suggesting that 
importin-beta 1 and NRON directly associate 
(Fig. 3B). This interaction is supported by 
ribonuclease (RNase) protection experiments, 
which show that NRON is protected from di- 
gestion by extracts containing high levels of 
KPNBI (Fig. 3B). Furthermore, interactions 
between PPP2R1A and KPNBI (/7), as well 
as between PPP2RIA and IQGAP!1 (/8), have 
been previously reported. Altogether, this data 
argues that NRON functions as an RNA com- 
ponent of a protein complex that acts to re- 
press NFAT activity. 

The initial isolation of three importin-beta 
family members and the subsequent demon- 
stration that importin-beta 1 can bind NRON 
and alter NFAT activity suggests that NRON 
may act as a modulator of NFAT nuclear 
trafficking. Furthermore, NRON acts on mul- 
tiple NFAT family members; cotransfection of 
NFAT cDNAs and NRON shRNA showed that 
NRON modulates the calcium-regulated tran- 
scriptional activity of NFATcl, NFATc2, 
NFATc3, and NFATc4 (fig. S1). shRNAs 
targeting NRON were also assayed with p53, 
nuclear factor kB (NF«B), AP1, and the fork- 
head FOXO1 reporters, which are transcription 
factors that translocate from cytoplasm to nu- 
cleus (Fig. 3, C and E). No NRON-dependent 
phenotypes were seen, suggesting that NRON 
is specific for NFAT translocation. Finally, 
using an NFATc1-green fluorescent protein 
(GFP) fusion as a visible marker for NFAT 
subcellular localization (/9), it was shown 
that an NRON shRNA results in a significant 
increase in nuclear levels of NFAT protein 
(Fig. 3E and fig. S4). NRON knockdown 
elevated nuclear NFAT even in the absence of 
Ca?+ stimulation, which is probably a direct 
result of elevated cellular levels of NFAT 
protein from the introduction of the NFATc1- 
GFP fusion. This is consistent with the obser- 
vation that overexpression of NFAT cDNAs 
obviates the need for chemical stimulation 
for NRON shRNA activity (fig. S1) (20, 21). 
Therefore, rather than directly modulating 
the transcriptional activity of NFAT itself, 
NRON likely regulates NFAT’s subcellular 
localization. 

The interaction of NRON with nuclear 
import factors suggests that NRON exists in a 
complex with importin-beta and specifically 
regulates the nuclear trafficking of NFAT, a 
hypothesis supported by studies of NFATc1- 
GFP translocation. In light of the complicated 
networks of nuclear-cytoplasmic transport and 
the seemingly limited number of available 
importin-beta family members, specific ncRNAs 
may play a role in regulating the complexity of 
intracellular trafficking. The interplay between 
importins, the nuclear localization signal of 
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NFAT, and NRON remains unknown, as does 
whether the native function of NRON is to 
repress nuclear import or to promote the nu- 
clear export of NFAT. In addition, given the 
effects of both calcium and phosphorylation 
on NFAT activity, the interactions of NRON 
with the structural subunit of the phosphatase 
PP2A and the calmodulin binding IQGAP1 
may also be significant. Further characteriza- 
tion of all 11 putative NRON interactors may 
identify more complex interactions and reg- 
ulatory features for this presumed RNA- 
protein macromolecular complex. 

NRON is but one of the potentially thou- 
sands of RNA regulators, which, through RNA- 
RNA, RNA-DNA, or RNA-protein interactions, 
may effectively amplify the complexity of a 
human genome with a limited number of 
protein-coding genes (22, 23). The application 
of this library of ncRNA-specific shRNAs to 
additional cellular pathway and phenotypic 
screens is likely to reveal additional func- 
tional roles for these transcribed RNAs. 
Preliminary experiments have identified sev- 
en other functional ncRNA genes: six es- 


sential for cell viability and one repressor of 
Hedgehog signaling. 
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Inhibition of Translational 
Initiation by Let-7 MicroRNA in 
Human Cells 
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MicroRNAs (miRNAs) are ~21-nucleotide-long RNA molecules regulating gene 
expression in multicellular eukaryotes. In metazoa, miRNAs act by imperfectly 
base-pairing with the 3’ untranslated region of target messenger RNAs (mRNAs) 
and repressing protein accumulation by an unknown mechanism. We demon- 
strate that endogenous let-7 microribonucleoproteins (miRNPs) or the tethering 
of Argonaute (Ago) proteins to reporter mRNAs in human cells inhibit trans- 
lation initiation. M’7G-cap-independent translation is not subject to repression, 
suggesting that miRNPs interfere with recognition of the cap. Repressed mRNAs, 
Ago proteins, and miRNAs were all found to accumulate in processing bodies. 
We propose that localization of mRNAs to these structures is a consequence of 


translational repression. 


Initial studies of the function of lin-4 RNA 
during development of Caenorhabditis elegans 
indicated that this miRNA down-regulates pro- 
tein accumulation without affecting mRNA 
concentrations and mRNA association with 
polysomes, suggesting that either translation is 
repressed at the step downstream of its ini- 
tiation or proteins undergo synthesis but are 
rapidly degraded (/, 2). Subsequent work per- 
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formed in Drosophila and mammalian cells 
has confirmed that decreased protein accumu- 
lation is not due to mRNA degradation (3-6). 
However, miRNAs can also affect metazoan 
gene expression in other ways, as indicated by 
the involvement of miR-16 in AU-rich element— 
mediated mRNA turnover (7). 

To investigate how miRNAs inhibit protein 
accumulation in mammalian cells, we used 
mRNA reporters, whose translation is regu- 
lated by either the tethering of human Argo- 
naute 2 (hAgo2) or the endogenous let-7 
microribonucleoprotein (miRNP). The use of 
the tethering approach follows the observation 
that the repressive effect of miRNAs can be 
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mimicked in HeLa cells by tethering of Ago 
proteins, established components of miRNPs, 
to the mRNA reporter (8). For assaying let-7 
effects, we constructed Renilla reniformis (RL) 
and firefly (FL) luciferase reporters containing 
in the 3’ untranslated region (3’-UTR) either one 
(1xBulge) or three (3xBulge) sequences able to 
form bulged duplexes with the let-7 RNA; RL- 
Perf and FL-Perf contain a single site perfectly 
complementary to let-7 RNA (Fig. 1A and fig. 
S1A). We found that expression of RL-3xBulge 
and RL-Perf was inhibited up to 10-fold when 
compared with control RL mRNA (RL-Con) 
(fig. S1B). The inhibition was largely elimi- 
nated upon co-transfection of a 2’-O-Me oligo- 
nucleotide complementary to let-7 but not to 
control miR-122a RNA, consistent with the ef- 
fect being mediated by let-7 miRNP (fig. S1C). 
The amount of RL-Perf mRNA was decreased 
about fivefold, whereas that of RL-3xBulge 
mRNA was reduced by only 20%; expression of 
RL-1xBulge mRNA was not decreased when 
compared with RL-Con mRNA (fig. S1). The 
data are in agreement with the findings that 
endogenous miRNAs can cleave an RNA con- 
taining a single perfectly complementary site 
and that translational repression generally re- 
quires several miRNA target sites (6). 

We investigated whether let-7 miRNP or 
tethered hAgo2 inhibits the translation process 
per se or induces the proteolysis of nascent 
polypeptides. Toward this we tested the effect 
of targeting the reporter RL proteins to the 
endoplasmic reticulum (ER), arguing that co- 
translational insertion of the signal sequence— 
containing, hemagglutinin-tagged RL (ER- 
HA-RL) to the ER should make nascent pro- 
teins inaccessible to proteolysis. Inhibition of 
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ER-HA-RL expression was similar to that of 
HA-RL by both let-7 and the hAgo2 tethering 
(Fig. 1B). Western analysis performed with pu- 
rified ER fractions indicated that, as expected, 
the ER-HA-RL protein was targeted into the 
ER lumen (fig. S2). We also tested the effect of 
the proteasome inhibitors MG132 and Z-Leu- 
Leu-Leu-al. Neither relieved the repression 
(9). Together, these results suggest that trans- 
lation itself is the target of the inhibition. 

To determine which translation step is in- 
hibited by miRNAs, we analyzed polysome 
profiles of reporter mRNAs undergoing re- 
pression by let-7 (Fig. 1, C to G) or tethered 
hAgo2 (fig. S3A). In both cases the repression 
was accompanied by a strong shift of reporter 
mRNAs toward the top of the gradient, similar 
to that seen upon addition of NaF or harrington- 
ine, known inhibitors of translation initiation 
(fig. S3, B and C). The shift was largely elim- 
inated when cells were co-transfected with anti- 
let-7 but not control oligonucleotide or when 
RL-3xBulgeMut [this RNA contains nonfunc- 
tional let-7 sites (fig. S9B)] was used as a re- 
porter (Fig. 1, F and G). The distribution of 
endogenous B-actin mRNA remained unchanged, 
arguing for a specificity of the effect. These re- 
sults suggest that miRNAs in mammalian cells 
inhibit the loading of mRNA to polysomes, 
possibly resulting from a block in initiation. 

To investigate the mechanism of miRNA 
repression in more detail, we synthesized RNA 
reporters bearing different 3’-UTRs in vitro 
and studied their expression in transfected 
HeLa cells. We found that activity of the 
m’GpppN-capped RL-Perf or RL-3xBulge 


A 3’;UTR Cc 


reporters, with or without a polyadenylate 
[poly(A)] tail, was about 10-fold lower than 
that of control RL RNAs (Fig. 2A). Similar 
results were obtained with FL reporters (fig. 
S4A). Co-transfection of the anti-let-7 but 
not of control oligonucleotide markedly in- 
creased the activity of 3xBulge RNAs, indi- 
cating that the effect was specific (fig. S4, B 
and C). When tested for translation in reticu- 
locyte or wheat germ extracts [these extracts 
do not recapitulate the let-7—mediated repres- 
sion (0)], the FL- and RL-3xBulge, FL- and 
RL-Perf, and FL- and RL-Con RNAs showed 
similar activity (fig. S4, D to G). We con- 
clude that the let-7—mediated repression of 
capped mRNAs can be reproduced in HeLa 
cells transfected with RNA and that a poly(A) 
tail is not required for the repression. 

We examined whether translation initiated 
at the internal ribosome entry site (IRES) is 
subject to the repression. Translation starting at 
the IRES is not dependent on the 5’-terminal 
m’G cap, and its requirements for initiation 
factors differ from the cap-initiated reaction 
(/1). In contrast to cap-dependent translation, 
the activity of transfected RNAs containing 
the IRES of the encephalomyocarditis virus 
(EMCV), EMCV-RL, and EMCV-FL, or the 
IRES of the hepatitis C virus (HCV-FL) was not 
down-regulated by the insertion of let-7 sites. 
Moreover, co-transfection of the anti-let-7 
oligonucleotide had no effect on the activity of 
IRES-containing mRNAs bearing let-7 sites 
(Fig. 2B and fig. SSA). We also compared the 
effect of let-7 site insertion on EMCV-IRES— 
and cap-mediated translation by co-transfecting 


both classes of RNA. For both the RL and FL 
reporters, only activity of the capped RNA was 
inhibited (fig. S5, B to H). These results argue 
against the possibility that resistance of IRES- 
containing mRNAs to the inhibition is due to 
saturation of the available let-7 miRNP. 
Resistance of IRES-mediated translation to 
let-7 inhibition implied that the miRNA ma- 
chinery targets an early step in protein syn- 
thesis, a step required for the cap- but not the 
IRES-dependent initiation. To substantiate this 
possibility, we constructed dicistronic reporters 
in which translation of the downstream RL 
cistron is driven by the initiation factors eIF4E 
or eIF4G directly tethered at the intercistronic 
region via either two or six BoxB hairpins 
(Fig. 2C and fig. S6). For tethering, mutant 
forms of both factors were expressed as fu- 
sions with the N peptide, which binds to BoxB 
hairpins. Prior experiments (/2) have indicated 
that tethering of either factor promotes cap- 
independent translation. Consistently, we found 
that tethering of eIF4E or elF4G, but not of 
lacZ used as a control, promoted translation of 
the downstream cistron without having any 
effect on the cap-dependent synthesis of FL. 
Most importantly, insertion of three let-7 sites 
down-regulated synthesis of FL by about three- 
fold (in a let-7-RNA-dependent process) (fig. 
S6A) but had no effect on a cap-independent 
translation started internally in response to 
eIF4E or eIF4G tethering (Fig. 2C and fig. S6). 
These data suggest that the miRNA machinery 
interferes with the step upstream of eIF4E re- 
cruitment of eIF4G during initiation, possibly 
with the recognition of the m’G cap by eIF4E. 
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We analyzed the intracellular localization of 
the miRNP components. Previous work has in- 
dicated that translationally repressed mRNAs 
can be sequestered in specific cellular structures 
such as germline (/3) or stress (/4) granules. 
Immunofluorescence analysis indicated that 
HA-tagged hAgo2-4 proteins, expressed in trans- 
fected HeLa and human embryonic kidney 
(HEK) 293 cells (fig. S7) or in stable HeLa cell 
lines (figs. S8, A to C, and S9A), localize to 
processing bodies (PBs; visualized as structures 
enriched in the marker proteins Lsm1, Dcpla, 
and Xrn1), suborganelles identified as sites of 
mRNA degradation (/5). Association of Ago 
proteins with PBs was further confirmed by 
co-immunoprecipitation experiments (fig. S8, 
D and E). Notably, the GFP-tagged Dcp1 
was found to interact with HA-hAgo2 but not 
HA-hAgo24P2", a mutant of hAgo2 that does 
not function as a repressor (8) (fig. S8E). 

Next, we analyzed the cellular distribution 
of reporter mRNAs by in situ hybridization in 
HeLa cells. The RL-3xBulge mRNA but not its 
mutant version, RL-3xBulgeMut, co-localized 
with the PB marker Dcpla, expressed as a fu- 
sion with green fluorescent protein (GFP) (Fig. 
3A and table S1). The co-localization of RL- 
3xBulge mRNA with PBs was let-7—dependent 


accumulated in PBs when co-transfected with 
the siRNA-like duplex, let-7Mut, which carries 
mutations restoring base pairing between let-7 
and RL-3xBulgeMut RNAs (Fig. 3A and fig. 
S10). The RL-Perf mRNA could not be 
visualized in PBs, arguing against a possibility 
that RL-3xBulge or RL-3xBulgeMut signals in 
PBs originate from an mRNA targeted for deg- 
radation (fig. S11). Closer examination of the 
images provided additional evidence that RL- 
3xBulge RNA localization is not related to the 
degradative function of PBs. RL-3xBulge RNA 
was often found adjacent to Dep1 foci and not 
overlapping with them (Fig. 3A, fig. S11, and 
table S3). Furthermore, we also observed that 
some Dep! foci did not contain detectable 
amounts of RL-3xBulge RNA and, conversely, 
that a few mRNA foci were negative for Dcp1 
(9). These data point to some heterogeneity 
and/or compartmentalization of PBs. 

We used HeLa cells stably expressing ei- 
ther RL-3xBulge or RL-3xBulgeMut reporters 
(fig. S9, B and C) to further document the as- 
sociation of repressed mRNAs with cellular 
structures. The cells were permeabilized with 
digitonine, and the resulting S14 supernatant and 
pellet fractions were analyzed for the presence 
of mRNAs and PB and miRNP components. 
The RL-3xBulgeMut RNA was enriched in a 


(table S2). Moreover, RL-3xBulgeMut RNA 
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Fig. 2. Cap-dependent but not cap-independent translation is repressed by let-7. The values represent 
means of three transfections + SD. (A) Translation of the in vitro—-transcribed capped RL-RNA reporters, 
either poly(A)+ (200 ng) or poly(A)- (400 ng), in transfected HeLa cells. (B) IRES-mediated translation is 
immune to repression by let-7. HeLa cells were transfected with 200 ng of the indicated noncapped 
EMCV-FL or -RL RNAs or capped FL RNA. Oligonucleotides were included as indicated. (C) Translation 
driven by the tethered initiation factor elF4E or elF4GI is immune to let-7 repression. Cells were 
transfected with 100 and 500 ng of plasmids expressing dicistronic reporters and indicated NHA fusions. 
Activities in co-transfections performed with pFL-2BoxB-RL-Con and pNHA-elF4E were set to 1. 
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soluble fraction, but the RL-3xBulge reporter 
was found almost exclusively in the pellet frac- 
tion containing cellular structures. Likewise, 
endogenous N-Ras and K-Ras mRNAs, re- 
cently established targets of let-7 RNA (6), 
were enriched in the pellet as were all tested 
PB and miRNP components (fig. $12). Impor- 
tantly, treatment of cells with anti-let-7 oligo- 
nucleotide specifically released a substantial 
fraction of the pellet-associated mRNAs to the 
supernatant (fig. S$12A). 

Lastly, we investigated whether miRNAs 
localize to specific cellular structures. The let-7 
and miR-122a probes stained dot-like structures 
in HeLa and human hepatoma Huh7 cells, re- 
spectively, but not in control cells known not to 
express these miRNAs (/6, 17) (Fig. 3B). No 
staining was observed with the mutant or pre- 
miRNA-specific probes (fig. S13). Because the 
in situ hybridization was not compatible with 
the antibody labeling of PBs, we microinjected 
the in vitro—transcribed, Cy3-labeled pre—let-7 
RNA into nuclei of HeLa cells and analyzed its 
distribution. Remarkably, exported let-7 RNA 
accumulated in PB foci also labeled with 
antibodies against Dcp1 (Fig. 3C). The pres- 
ence of let-7 in the cytoplasm was inhibited by 
wheat germ agglutinin, indicating that export of 
pre-miRNA from the nucleus occurred by a 
physiological mechanism (fig. S14). As with 
the RL-3xBulge RNA foci, let-7 foci were 
frequently adjacent to, rather than exactly co- 
localizing with, Dep1 foci. Some let-7 foci not 
labeled by Dcpl, and vice versa, were also 
observed (Fig. 3C and tables S1 and S3). 

Our data indicate that, in mammalian cells, 
let-7 miRNP inhibits translation at the initiation 
step. The observation that the cap-independent 
translation is immune to the repression suggests 
that miRNPs target an early step of initiation, 
likely involving the m’G cap. Importantly, the 
results of experiments involving an entirely in- 
dependent methodology—a direct tethering of 
hAgo2 to mRNA reporters, an approach that 
mimics the miRNP-mediated inhibition (8)— 
are consistent with the above interpretation. 
Inhibition of initiation by factors binding to the 
mRNA 3’-UTR is a common theme in trans- 
lational regulation. Such inhibition may in- 
volve interference either with the recruitment 
of eIF4E to the m’G cap or with the eIF4E- 
eIF4G interaction (18-20). Our findings that 
the polysomal status of mRNAs repressed by 
let-7 in mammalian cells differs from that of 
mRNAs repressed by lin-4 in C. elegans (J, 2) 
suggest that the inhibition of productive trans- 
lation by different miRNAs, or in different 
organisms, can follow diverse routes. 

After initial submission of this work, other 
reports implicating PBs in miRNA-mediated 
repression have appeared (2/, 22). Our data ex- 
tend these findings by directly demonstrating 
that miRNAs and repressed mRNAs localize to 
PBs. We believe that relocalization of the re- 
pressed mRNA to PBs is a consequence rather 
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Fig. 3. Localization of 
translationally repressed 
mRNA and miRNAs to 
discrete foci adjacent to 
or overlapping with PBs. 
Insets represent enlarge- 
ments of indicated re- 
gions, representative of 
localization of RL report- 
ers, miRNAs, and Dcp1a. 
(A) HeLa cells were co- 
transfected with the 
indicated RL reporters 
and a plasmid express- 
ing GFP-Dcpta. Cells 
shown in a lowest row 
we additionally co- 
transfected with the 
let-7Mut duplex. RL 
mRNAs were detected 
by in situ hybridization 
with Cy3-conjugated 


3xBulgeMut 


probes (red), and Dcp1a | 
was visualized by GFP | = 
fluorescence (green). 5 
The nucleus was stained © @ 
with 46-diamidino-2- & < 
phenylindole (DAPI, blue). a z 
(B) Enrichment of en- 3 & 
dogenous miRNAs let-7 ©? @% 
and miR-122a in dot-like + 


structures. The indicated 
cells were stained with 
digoxigenin-labeled com- 
plementary probes. (C) 
Accumulation of let-7 
RNA in foci adjacent to 
or overlapping with PBs. 
Nuclei of HeLa cells 
were microinjected with 
an in vitro—transcribed 
Cy3-labeled RNA (red), 
which self-cleaves to 
produce authentic pre- 
let-7 RNA (26). Cells 
were counterstained 
with anti-Dcp1a_anti- 
body to locate PBs (green). The Cy3 staining of the 


than a cause of the repression. However, the 
relocalization could contribute to the repression 
by maintaining the mRNA in an environment 
unfavorable for translation (15, 23, 24). Inhibi- 
tion of translation initiation leads to the appear- 
ance of stress granules and the concomitant 
recruitment of repressed mRNAs to these struc- 
tures (24). PBs were originally identified as 
sites of mRNA degradation (/5), but a role in 
mRNA storage has recently been suggested (23). 
Our results provide experimental evidence that 
PBs could act as a storage compartment for 
translationally repressed mRNAs. The observa- 
tion that the repressed reporter mRNA, and also 
let-7 RNA, do not always precisely co-localize 
with a PB marker protein, Dceplp, suggests 
that PBs may comprise two subcompartments, 
one dedicated to the storage of mRNA and 
the other to its degradation. Close proximity of 
the compartments might explain why mRNAs 
subjected to miRNP-mediated repression may 
also undergo limited degradation (25). 
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Modulation of Hepatitis C Virus 
RNA Abundance by a 
Liver-Specific MicroRNA 


Catherine L. Jopling,' MinKyung Yi,” Alissa M. Lancaster,’ 
Stanley M. Lemon,” Peter Sarnow'* 


MicroRNAs are small RNA molecules that regulate messenger RNA (mRNA) 
expression. MicroRNA 122 (miR-122) is specifically expressed and highly 
abundant in the human liver. We show that the sequestration of miR-122 in 
liver cells results in marked loss of autonomously replicating hepatitis C viral 
RNAs. A genetic interaction between miR-122 and the 5’ noncoding region of 
the viral genome was revealed by mutational analyses of the predicted 
microRNA binding site and ectopic expression of miR-122 molecules containing 
compensatory mutations. Studies with replication-defective RNAs suggested 
that miR-122 did not detectably affect mRNA translation or RNA stability. 
Therefore, miR-122 is likely to facilitate replication of the viral RNA, suggesting 
that miR-122 may present a target for antiviral intervention. 


MicroRNAs (miRNAs) are a class of small 
RNA molecules, ~21 to 22 nucleotides (nt) in 
length, that have been detected in many plant 
and animal species (/). Even certain animal 


Cloning efforts and computational predictions 
have indicated that there are ~800 miRNA- 
encoding genes in humans (5), which together 
regulate more than 5300 genes (6, 7). Inter- 


viral RNA genomes encode miRNAs (2-4). action of miRNAs with target mRNAs results 
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in mRNA cleavage if the bound miRNA 
engages in perfect base complementarity with 
its target (8, 9). However, in a few cases, 
imperfect base complementarity between a 
miRNA and target mRNA leads to transla- 
tional repression (J0-/5). In all of these ex- 
amples, the miRNA interacts with sequences 
within the 3’ noncoding region (NCR) of the 
target MRNA. 

Certain miRNAs are expressed ubiquitous- 
ly, whereas others are expressed in a highly 
tissue-specific manner (16, 17). MiR-122 is 
specifically expressed in the liver, where it 
constitutes 70% of the total miRNA population 
(16, 18). To examine the role of miR-122 in 
regulating mRNA function, we first monitored 
the expression of miR-122 in liver tissue and 
liver cell lines. MiR-122 was detected in 
mouse and human liver, in cultured human 
Huh7 and mouse Hepa 1-6 liver cells, but not 
in human cervical carcinoma-derived HeLa 
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A Fig. 1. miR-122 is expressed in Huh7 cells and has two predicted 
binding sites in the HCV genome. (A) Northern blot analysis of miR- 
122 expression in total RNA extracted from mouse and human liver, 


human HeLa and HepGz2 cells, naive replicon and cured human Huh7 


cells, and mouse Hepat-6 cells. Expression of U6 small nuclear (sn) RNA was used as a loading control. (B) Sequence of miR-122 with the seed 
sequences surrounded by a box. (C and D) Secondary structure of the (C) 3’ and (D) 5’ noncoding regions of the HCV genotype 1a strain H77c, with 


predicted miR-122 binding sites indicated. The seed matches are enclosed in boxes. SL, stem-loop; UTR, untranslated region. 
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cells or even in human liver-derived HepG2 
cells (Fig. 1A). 

Hepatitis C virus (HCV) is a hepatotropic, 
positive-stranded RNA virus belonging to the 
family Flaviviridae; it is a major cause for 
chronic liver disease with an estimated 170 
million people infected (19). Although both 
Huh7 and HepG2 cells are derived from human 
hepatocytes, HCV RNA constructs can only 
replicate in Huh7 cells. To explore whether this 
could be related to the presence of miR-122 
in permissive Huh7 cells, we inspected the 
9600-nt, positive-strand, viral RNA genome for 
potential miR-122 binding sites that fulfill the 
rules for a successful miRNA-target mRNA 
interaction. We searched for sequences in the 
viral mRNA that could engage in Watson and 
Crick base pairing with nucleotides 2 through 
8, the “seed sequence” of miR-122 (6, 20), and 
we noted two predicted binding sites for miR- 
122 (Fig. 1B) in the viral NCRs. One is located 


within the viral 3’ NCR of the genotype la 
(Fig. 1C). Although this sequence is in the 
“variable region” of the 3’ NCR, the seed 
match sequence itself is highly conserved 
among the six HCV genotypes (table S1). 
The second miR-122 binding site is also 
conserved and is located within the 5’ NCR, 
only 21 nt from the 5’ end of the viral genome 
(Fig. 1D). With the exception of genotype 2, 
the putative seed match sequence is flanked by 
adenosines (table S1), indicative of a high 
confidence miRNA-binding site (6). 

To determine whether miR-122 regulates 
HCV gene expression, we tested whether its 
inactivation would alter the abundance of an 
autonomously replicating, dicistronic HCV 
RNA replicon. Huh7 cells stably expressing the 
genotype 1b strain HCV-N replicon NNeo/C-5B 
were used (Fig. 2A) (2/). To inactivate miR- 
122 in this cell line, NNeo/C-5B cells were 
transfected with a 2’-O-methylated RNA oligo- 
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nucleotide (122-2'OMe) with exact comple- 
mentarity to miR-122. Such oligonucleotides 
have been shown to sequester miRNAs (22, 23). 
As a control for functional inactivation of 
miR-122, we monitored the expression of 
enhanced green fluorescent protein (eGFP) 
sensor mRNAs that contained sequences com- 
plementary to miR-122 in their 3’ NCR (eGFP- 
122). Because of its complete complementarity, 
miR-122 should lead to the nucleolytic degra- 
dation of the eGFP mRNAs. Indeed, little full- 
length eGFP-122 RNA was detected in cells 
transfected with plasmids encoding eGFP-122 
(Fig. 2A, lane 3), although a similar RNA that 
contained sites complementary to the brain- 
specific miR-124 was expressed at high levels 
(Fig. 2A, lane 2). Upon transfection with 122- 
2’OMe, the amount of eGFP-122 RNA 
markedly increased (Fig. 2A, lane 4), whereas 
a randomized oligomer (Rand-2’OMe, lane 5) 
and an oligomer complementary to miRNA 
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Fig. 2. Sequestration of miR-122 reduces HCV RNA and protein abundance in 
replicon cells. (A) Northern blot analysis of HCV, eGFP, and actin RNA in the 
NNeo/C-5B replicon cell line. In these replicon RNAs (27), the HCV internal 
ribosome entry site (IRES) directs the synthesis of the neomycin resistance gene 
product, and the encephalomyocarditis viral IRES (EMCV) directs the synthesis 
of the structural and nonstructural (NS) proteins of the HCV-N 1b strain. The 
eGFP sensor plasmids and 2’-O-methylated oligonucleotides were introduced 
into cells by lipofectamine 2000-mediated transfection, and total RNA was 
extracted 48 hours later. Quantitation of the HCV-actin mRNA ratios from 
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three independent Northern blot experiments and the standard deviations are 
shown. (B) Western blot showing levels of HCV core protein, eGFP, and actin 
48 hours post-transfection with the indicated eGFP sensor plasmids and 2’-O- 
methylated oligomers. (C) Northern analysis of HCV, eGFP, and actin RNA in 
Huh7 cells containing the genome-length genotype 1a H77c RNA and 
transfected with eGFP-122 and 122-2’OMe. Quantitation of the HCV-actin 
mRNA ratios from three independent Northern blot experiments and the 
standard deviations are shown. The locations of cell culture-acquired adaptive 
mutations in the viral RNA are indicated by asterisks in the top diagram. 
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let-7a (let7-2’OMe) had no effect (Fig. 2A, 
lane 6). The level of HCV viral replicon RNA 
was specifically reduced by ~80% when miR- 
122 was inactivated (Fig. 2A, lanes 4 and 7). 
Reduced mRNA abundance resulted in a de- 
crease in HCV protein expression in cells 
transfected with the 122-2’OMe oligomer, 
whereas the level of eGFP protein increased 
under this experimental condition (Fig. 2B, 
lane 3). 

To determine whether miR-122 would sim- 
ilarly affect RNA accumulation in cells newly 
transfected with replication-competent HCV 
RNA, RNA transcripts were synthesized from 
a cDNA that encodes the full-length genotype 
la strain H77c genome. Five adaptive muta- 
tions in the cDNA (Fig. 2C, top) promote ef- 
ficient RNA replication in Huh7 cells (24). 
Introduction of these RNAs into Huh7 cells 
led to accumulation of viral RNA in the pres- 
ence of endogenous miR-122 (Fig. 2C, lanes 1 
and 2); in contrast, viral RNA failed to ac- 
cumulate when miR-122 was sequestered by 


Fig. 3. The predicted 
miR-122 binding site in 
the 5’ noncoding region 
of HCV is required for 
viral RNA maintenance 
and directly interacts 
with miR-122. (A) Posi- 
tion of the mutations 
introduced into the 
H77c full-length RNA. 
The locations of a 4-nt 
substitution mutation in 
the seed match in the 3’ 
noncoding region (m3’) 
and single- or double- 
substitution mutations 
in the 5’ noncoding 
region seed match (p1, 
p3, p6, and p3-4) are 
shown. The mutated 
nucleotides are enclosed 
in boxes. (B) RNA was 
synthesized by in vitro 
transcription and intro- 
duced into Huh7 cells 
by electroporation, and 
HCV RNA levels were 
determined by Northern 
blotting 5 days later. 
Levels of actin mRNAs 
were determined as 
loading controls. Cells 


A 


2 


were transfected with synthetic duplexes corresponding to wild-type miR-122 (wt) or miR-122 
with mutations in the seed complementary to the seed match mutations, with the opposite strand 
of the duplex based on the miR-122 precursor hairpin. The duplexes were introduced into cells 1 day 


before electroporation with wild-type H77c RNAs or 


electroporation. Total RNA was harvested 5 days post-electroporation, and HCV and actin RNA 
levels were determined by Northern blotting. (C) Quantitation of the HCV-actin mRNA ratios from 
three independent Northern blot experiments and the standard deviations are shown. 
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122-2’'OMe oligomers (Fig. 2C, lane 3). 
Furthermore, the 122-2’'OMe oligomer did not 
affect total protein synthesis in transfected 
cells, excluding the possibility that the 122- 
2/OMe oligomer induced antiviral effects (fig. 
S1). Thus, miR-122 is required to maintain the 
abundance of both genotypes 1a and 1b RNA, 
both in a stable cell line supporting autono- 
mous replication of a dicistronic replicon and 
upon direct transfection of minimally modified 
genomic RNA. 

To investigate whether the putative miR-122 
binding sites are required for the miR-122 effects 
on RNA abundance, we introduced mutations 
into the H77c cDNA. Transfection of H77c 
RNAs containing a 4-nt substitution mutation, 
m3’, in the predicted seed match in the 3’ NCR 
(Fig. 3A, left) did not diminish RNA accumu- 
lation (Fig. 3B, lane 2). In contrast, RNAs that 
contained single-nucleotide substitution muta- 
tions at the p3 and p6 positions in the seed 
match in the 5’ NCR or double mutations at 
the p3-p4 position failed to accumulate (Fig. 
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3B, lanes 4, 9, and 11). However, RNAs with 
mutations at pl accumulated to similar levels 
(Fig. 3B, lane 8) as wild-type RNA (lane 6), 
supporting the idea that p1 does not contribute 
to formation of microORNA-mRNA complexes 
(6). These findings suggest that failure to 
recruit miR-122 to the HCV 5’ NCR caused 
loss of viral RNA or that the mutations af- 
fected translation, stability, or replication of 
HCV RNA. 

If mutations in the HCV 5’ NCR reduced 
RNA accumulation because of poor binding of 
miR-122, ectopic expression of miR-122 RNAs 
that contain base complementary mutations 
should restore mutant microRNA—mutant RNA 
complexes. Ectopic expression of wild-type 
miR-122 RNAs did not rescue p3, p6, or p3-4 
mutated viral RNAs (Fig. 3B, lanes 4, 9, and 
11) but did enhance the abundance of wild-type 
viral RNAs (lane 7) and replicon RNAs (fig. 
S2). This demonstrated that the introduced 
miR-122 RNAs entered the cellular machinery 
as functional miRNA molecules and that the 
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Fig. 4. Effects of mu- A 
tation of the miR-122 
binding site on mRNA 
translation and RNA 
stability. (A) Mutation 
of the miR-122 bind- 
ing site does not affect 
HCV mRNA transla- 
tion. The p3 mutation 
was introduced into a 
replication-deficient 
mutant of H77c, con- 
taining amino acid 
changes GDD to AAG 
at positions 2737 to 
2739 in the viral poly- 
merase NS5B (24). Ly- 
sates were harvested 


HCV RNA 


miR-122 binding site 


c 
HCV 


endogenous pool of miR-122 that mediates the 
accumulation of viral RNA is limiting. In 
contrast, expression of mutated p3, p6, and 
p3-4 miR-122 duplexes allowed accumulation of 
mutated viral RNAs (Fig. 3B, lanes 5, 10, and 
12, and Fig. 3C), arguing for a genetic 
interaction between miR-122 and the 5’ NCR 
of the HCV genome. Furthermore, the rescue 
of mutated viral RNAs by miR-122 RNAs 
carrying complementary mutations provides 
evidence for a direct HCV RNA—miR-122 in- 
teraction, rather than an indirect effect through 
another miR-122 target. 

It has been speculated that microRNAs 
reduce the accumulation of proteins encoded 
by target mRNAs by modulating translational 
efficiency of the mRNAs (/). Thus, we ex- 
amined whether miR-122 modulates transla- 
tion of HCV RNA, which occurs by an internal 
ribosome entry mechanism (25-27). We mon- 
itored the production of HCV core protein 
from transfected replicating and nonreplicating 
viral RNAs, containing or lacking miR-122 
binding sites. Slightly greater amounts of core 
protein accumulated by 20 hours after transfec- 
tion with wild-type (Fig. 4A, lane 1) versus p3- 
mutant RNA (Fig. 4A, lane 2). This difference 
is likely due to early replication of wild-type 
RNA. However, we were unable to detect full- 
length viral RNA by Northern analysis at 
this time point. To examine production of 
core protein from input RNAs in the absence 
of replication, we monitored translation of 
replication-defective viral RNAs. Both wild- 
type (Fig. 4A, lane 3) and p3-mutant (lane 4) 
RNAs containing a replication-lethal muta- 
tion in the viral RNA polymerase (GDD to 
AAG) produced similar amounts of core pro- 
tein. These data may indicate that p3-mutant 
RNAs are less stable yet more efficiently 
translated than wild-type RNAs. An alternative 
interpretation suggests that mutant and wild- 
type RNAs display similar stabilities and 
translational efficiencies at 20 hours after 
transfection. 
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20 hours after transfection of the wild-type and mutant RNAs, and HCV 
core protein and actin expression was determined by Western blotting. (B) 
Time course of SEAP production (activity displayed as arbitrary units) after 


To distinguish between these two pos- 
sibilities, we monitored the abundance of 
wild-type and mutated genotype 1b replicon 
RNAs derived from the strain HCV-N after their 
transfection into EnS-3 cells. These replicon 
RNAs (Fig. 4C) express the human immuno- 
deficiency virus tat protein and induce secretion 
of alkaline phosphatase (SEAP) in these cells in 
a manner that quantitatively reflects the intra- 
cellular abundance of the replicon RNAs (28). 
The mutant p3 replicon failed to accumulate 
over time after transfection compared to the 
wild-type replicon (Fig. 4B). Furthermore, the 
SEAP secretion profile of the p3 replicon 
mirrored that of cells transfected with the 
replication-deficient AGDD mutant, arguing 
that translation and stability of mutant p3- 
replicon RNAs are not affected by the p3 
mutation (Fig. 4B). Taken together, these 
findings suggest that mutation of the seed match 
sequence for miR-122 in the HCV 5’ NCR does 
not primarily affect RNA translation or stability, 
at least at early times after RNA transfection, and 
likely affects viral RNA replication. In the 
absence of miR-122, core-encoding sequences 
have been reported to interact with nucleotides 
24 to 38 in the viral 5’ NCR, resulting in 
translational inhibition in dicistronic mRNAs 
(29). However, mutations encompassing the 
miR-122 binding site have been shown to 
primarily affect replication of replicon RNAs 
(30) in cells expressing miR-122, suggesting that 
miR-122 may aid in RNA folding or RNA 
sequestration in replication complexes. 

Although two plant miRNAs interact with 
the 5’ NCR of their target mRNAs (37), this has 
not been observed for animal miRNAs (6). 
Thus, our finding that the HCV genome recruits 
miR-122 to its 5’ end raises the question of 
whether 5’ NCRs in other viral or host cell 
mRNAs can also be targeted by microRNAs 
and whether such interactions regulate mRNA 
translation, mRNA turnover, or possibly RNA 
localization. HCV RNA can replicate in non- 
hepatic cells (32-34), raising the question of 
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transfection of En5-3 cells with various Ntat2ANeo replicon RNAs (35). The 
p3 mutation in the miR-122 binding site was introduced into both wild-type 
and the AGDD replication-deficient replicon. (C) The Ntat2ANeo replicon. 


whether the role of miR-122 in regulating HCV 
gene expression is liver-specific. What are the 
natural targets for miR-122 in the liver, and is 
their expression affected by HCV infection? 
Finally, current therapies against HCV are 
frequently ineffective; thus, there is a need to 
search for alternative antiviral targets. Seques- 
tration of host-encoded miR-122 could provide 
a possible antiviral tool against a rapidly 
evolving viral genome. 
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Recombination Regulation by 
Transcription-Induced Cohesin 
Dissociation in rDNA Repeats 


Takehiko Kobayashi'7* and Austen R. D. Ganley’ 


Organisms maintain ribosomal RNA gene repeats (rDNA) at stable copy num- 
bers by recombination; the loss of repeats results in gene amplification. Here we 
report a mechanism of amplification regulation. We show that amplification is 
dependent on transcription from a noncoding bidirectional promoter (E-pro) 
within the rDNA spacer. E-pro transcription stimulates the dissociation of 
cohesin, a DNA binding protein complex that suppresses sister-chromatid—based 
changes in rDNA copy number. This transcription is regulated by the silencing 
gene, S/R2, and by copy number. Transcription-induced cohesin dissociation 
may be a general mechanism of recombination regulation. 


In most organisms, recombination is neces- 
sary for DNA repair, chromosome segrega- 
tion, and the rescue of stalled replication 
forks. If not properly regulated, however, re- 
combination can lead to genomic instability 
(J) and can be toxic to cells (2). It is not clear 
how cells maintain only the positive effects 
of recombination. 

In repeated-gene families, such as the 
ribosomal RNA (rRNA) gene repeats (rDNA), 
recombination helps maintain copy number 
(3) and the evolutionary stability of the 
repeats (4). The number of rDNA copies is 
tightly regulated; if repeats are deleted or 
inserted, copy number is quickly restored to 
that of the wild type (5, 6). One way that 
copy number is maintained is by gene am- 
plification after deletional recombination. 
In the yeast Saccharomyces cerevisiae, this 
amplification is dependent on the replication- 
fork blocking protein, FOB/, and a ~520- 
base pair (bp) cis-acting factor called EXP, 
which is found in the rDNA intergenic 
spacer (IGS) (Fig. 1A) (6, 7). In a recent 
Saccharomyces species phylogenetic foot- 
printing study, we found a highly conserved 
sequence that corresponds to a previously 
identified bidirectional RNA polymerase 
II (pol II) promoter (8) in EXP (9). This 
EXP promoter (named E-pro) does not 
appear to be associated with any coding 


‘National Institute for Basic Biology and “The Graduate 
University for Advanced Studies, SOKENDAI, School of 
Life Science, 38 Nishigonaka, Myodaijicho, Okazaki, 
444-8585 Japan. 


*To whom correspondence should be addressed. 


E-mail [Koba@nibB.acip] 


function, and its position and conservation 
suggested it might play a role in rDNA 
amplification. 

To determine whether E-pro is involved in 
rDNA amplification, we replaced it with 
galactose-inducible pol II promoters (uni- 
directional GAL7 and bidirectional GAL1/10 
promoters) (fig. S1) in an S. cerevisiae strain 
containing only two rDNA copies (two-copy 
strain), and we observed the effects on 
amplification. Reintroduction of a plasmid- 
borne FOB/ gene into the two-copy strain 
stimulated rDNA amplification, and the 
resulting rDNA copy-number increase can 
be visualized by an increase in the size of 
chromosome XII (chr XII) by using pulsed- 
field gel electrophoresis [contour-clamped 
homogeneous electric field (CHEF)] (7). The 
deletion of E-pro abolished amplification abil- 
ity (Fig. 1, B and C), and when E-pro was 
replaced with the GAL7 promoter in either di- 
rection, amplification ability was not rescued. 
However, when E-pro was replaced with the 
bidirectional GALJ/10 promoter (GAL1/10 
strain), the introduction of FOB/ resulted in 
amplification. 

To confirm that amplification depends on 
E-pro transcription, we changed the carbon 
source from galactose to glucose to inhibit 
transcription in the GAL1/10 strain. The size 
of chr XII continued to increase in galactose- 
grown cells, but did not increase in glucose- 
grown cells over 150 generations (Fig. 1D). 
Furthermore, the chr XII bands of cells 
grown in glucose were sharp, indicating the 
inhibition of rDNA recombination (6). To 
investigate whether read-through transcrip- 
tion or another function of E-pro is required 
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for amplification, we blocked each direction 
of GAL1/10 transcription by using a tran- 
scriptional terminator. Blockage in either 
direction resulted in the loss of amplification 
ability (Fig. 1D). Therefore, bidirectional E- 
pro transcription is essential for rDNA 
amplification. 

How can transcription from E-pro trigger 
recombination and hence amplification? One 
way is through cohesin association. Cohesin 
is a multifunctional protein complex involved 
in chromatin structure (/0), and its localiza- 
tion is inversely correlated with transcrip- 
tion, suggesting that transcription disrupts 
cohesin association (//, 12). Cohesin asso- 
ciation is thought to hold chromatids in place, 
leading to equal (versus unequal) sister- 
chromatid recombination and thereby pre- 
venting changes in copy number after the 
formation of double-strand breaks (DSBs) 
(/3). Thus, E-pro transcription may result in 
cohesin dissociation, allowing a change in 
copy number. Chromatin immunoprecipi- 
tation (ChIP) assays were performed with a 
GAL1/10 strain carrying hemagglutinin (HA) 
epitope-tagged Mcdlp (a cohesin complex 
component) in conjunction with seven rDNA 
primer combinations (Fig. 2). In the wild- 
type strain grown in both glucose and galac- 
tose, the cohesin associating region (CAR) 
gave the strongest signal of cohesin asso- 
ciation, as found previously (13, /4), and 
the pattern in the galactose-grown GAL1/10 
strain was similar. However, when grown in 
glucose, the GAL1/10 strain showed much 
stronger cohesin association throughout the 
IGS. Thus, the repression of E-pro tran- 
scription leads to increases in cohesin asso- 
ciation on both sides of E-pro, not just in 
CAR. This increase is consistent with bidi- 
rectional transcription dissociating cohesin 
in both IGS1 and 2, and it suggests that 
unidirectional transcription leaves cohesin 
association on the opposite side, inhibiting 
unequal sister-chromatid recombination. We 
also tested the effect of a cohesin mutation, 
smc1-2 (15), in the GAL1/10 strain, and we 
confirmed that the amplification rate was in- 
creased (fig. S2). 

The silencing gene S/R2 suppresses rDNA 
copy-number change through effects on 
cohesin association, because S/R2 loss results 
in the loss of cohesin association in the IGS 
(13). SIR2 represses pol [transcribed genes 
integrated in the rDNA (/6, 17). We therefore 
speculated that S/R2 regulates recombination 
by repressing E-pro transcription. To test this, 
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Fig. 1. Bidirectional 
E-pro transcription is 
required for rDNA am- 
plification. (A) rDNA 
occupies ~60% of 
chr XII in S. cerevisiae. 
The 35S and 5S rRNA 
genes, IGS1 and 2, the 
origin of replication 
(rARS), the RFB, EXP, 
E-pro, and the CAR 
are indicated. Loca- 
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tions of Northern probes 
(NL and NR) and ChIP 
primers (E1 to E7) are 
shown. (B and C) CHEF 
gel showing chr XIl 
sizes of various two- 
copy strains ~45 gen- 
erations after FOB7 or 
control plasmid (vec- 
tor) transformation. 
WT, wild-type two- 
copy strain (TAK201). 
E-pro was replaced 
with the following: (i) 
an empty cassette (A, 
strain TAK222); (ii) a 
bidirectional Gal pro- 
moter in both orienta- 
tions (GAL1/10 +/-, 
strains TAK223 and 
TAK224); and (iii) a unidirectional Gal promoter (GAL7), with transcription 
in the RFB (R, strain TAK225) and rARS (L, strain TAK226) directions (25). 
Two independent transformants were analyzed for each mutant. M is the 
Hansenula wingei marker. (B) is an ethidium bromide-stained gel and (C) is 
an autoradiogram of (B), probed with an rDNA probe showing chr XII 
position. (D) CHEF gel showing the effects of repressing the GAL1/70 
promoter and of transcription termination on rDNA amplification. In the 
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left panel, amplification was induced as in (B), and after ~45 generations, 
half of the cultures were shifted to glucose media. Chr XII sizes were 
observed as in (C) at various generations after FOB7 transformation. The 
right panel shows GAL7/70 transcription inhibited in each direction by a pol 
Il (URA3) terminator (fig. $1). Termination (Ter.) +/— (strains TAK227 and 
TAK228) indicate directions of transcription termination. C indicates the 
strain before FOB7 transformation. 
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Fig. 2. Cohesin association within the IGS using ChIP assays. Wild-type (WT) 
(strain TAK1005) and GAL1/10 strains (TAK1006) with HA-tagged MCD7, as 
well as control strains without tag (labeled "NO TAG”), were grown in 
glucose and galactose (D and G, respectively). After formaldehyde treat- 
ment, rDNA fragments (sheared to ~500 bp) were coimmunoprecipitated 
using antibodies to HA. Seven rDNA regions (E1 to E7, Fig. 1A) were 
analyzed by polymerase chain reaction (PCR) in two groups. Primer set E1 


1 
0 


SSS ng 
SS 


El 


E6 ET 

was used in both as a control. PCR reactions were terminated in the 
logarithmic phase of amplification. (A) Representative ethidium bromide— 
stained gels of the PCR products. IP, tagged immunoprecipitated samples; 
INPUT, nonimmunoprecipitated controls. (B) Quantification of cohesin 
association from three independent experiments. PCR products were 
quantified, values were corrected using NO-TAG results, and then 
normalized using respective INPUT values. 


we used Northern blots to measure E-pro 
transcription levels by using wild-type and 
SIR2-disrupted strains with endogenous E- 
pro (Fig. 3, A and B). E-pro transcript levels 
were increased ~16.5-fold in the ribosomal 
autonomously replicating sequence (rARS) 
direction and ~9.5-fold in the replication 
fork barrier (RFB) direction when S/R2 was 


deleted. Transcripts could be detected in an 
RNA pol I mutant, suggesting that E-pro is 
transcribed by RNA pol II (fig. S3). 

If SZR2 is responsible for copy-number 
change by regulating E-pro transcription, 
then the deletion of S/R2 should not effect 
recombination in a glucose-grown GAL1/10 
strain, because transcription is already re- 


pressed. To test this, we analyzed the rDNA 
stability of GAL1/10 and wild-type strains 
with and without S/R2 (Fig. 3C). As previ- 
ously observed (/3), the chr XII bands of a 
wild-type strain lacking S/R2 are smeared. In 
contrast, the chr XII bands in the glucose- 
grown GAL1/10 strain remain sharp, even 
after SIR2 deletion. 
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Finally, we tested the relationship between 
rDNA copy number and E-pro regulation. A 
strain undergoing amplification (low-copy 
strain) should show increased E-pro transcrip- 
tion and decreased cohesin association. To 
generate low-copy strains, we introduced a 
plasmid-borne FOB/ gene into two-copy strains. 
After 45 generations, there were ~45 rDNA 
copies, indicating active amplification. Analysis 
with Northern blots showed that E-pro tran- 
scription in the low-copy strain was enhanced 
~4.5-fold over that in the wild-type in both 
directions, and the value per rDNA unit will 
be even higher (Fig. 3B). Furthermore, ChIP 
analysis with an HA-tagged MCD1 low-copy 
strain revealed that cohesin association was 
reduced to 35% of the wild-type level per unit 
of rDNA (Fig. 3D). Therefore, when the rDNA 
is amplifying, E-pro is activated and cohesin 
dissociates, indicating that E-pro is the major 
regulator of rDNA amplification. 

These results suggest a model of amplifi- 
cation regulation where transcription of E-pro 
stimulates unequal recombination by disrupt- 
ing cohesin association in the rDNA, thus 
allowing for a change in copy number (Fig. 4). 
Sir2p is a negative regulator of E-pro tran- 
scription, and in normal situations, its activ- 
ity allows cohesin to associate throughout 
the IGS and thereby prevents unequal sister- 
chromatid recombination that leads to copy- 
number change. This model explains the 
stimulatory effects of S7R2 deletion and why 
the absolute level of rDNA recombination is 
the same, regardless of S/R2 status (/3). The 
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cohesin _ cohesin Fig. 3. Regulation of E-pro transcription and rDNA sta- 
copy num. — assoc. assoc/unit __ bility by S/R2 and rDNA copy number. (A and B) North- 
sy FE esseey | Cera: ern blot analysis of E-pro transcripts. The total RNA 
from wild-type (WT) (strain NOY408-1b), Asir2 
(labeled S/R2, strain TAK190), and amplifying low-copy 
(low) strains was hybridized with probes to the rARS- 
facing (Left) and RFB-facing (Right) transcripts, and an 
ACT1 control probe. (A) shows a representative North- 
ern blot and (B) shows the quantification of E-pro 
transcript levels. Results were normalized using ACT7. 
(C) CHEF gel probed with an rDNA probe showing the 
effects of S/R2 deletion on chr XIl stability. GAL1/10 
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(112) (45) (strains TAK2004 and TAK2005) and wild-type strains 
with and without S/R2 were grown in glucose (two 
independent colonies were analyzed for each). DNA 

GALI/10 wt loading was similar in each lane. Separation conditions 
SIR2. + _ + a differ from Fig, 1. Positions of H. wingei markers are 
Se indicated at the left. (D) rDNA copy number (6), the 
(Mb) level of cohesin association using ChIP analyses with 
3.13 pooled E2 to E5 PCR products (Fig. 1A), and the cohesin 
association corrected by copy number were determined 
2.70 for wild-type (TAK1005) and low-copy (TAK1008) strains. 
2.35 Cohesin association is relative to wild-type. Absolute 
copy numbers are in parentheses. 
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Fig. 4. Transcription-induced cohesin dissociation model of rDNA amplification. (A) In normal 
situations, such as wild-type rDNA copy number, S/R2 represses E-pro activity, allowing cohesin to 
associate throughout the IGS. DSBs, formed by replication forks pausing at the RFB site, are repaired 
by equal sister-chromatid recombination, with no change in the rDNA copy number. (B) When S/R2 
repression is removed, such as with sir2 mutation or low copy number, E-pro becomes active and 
transcription displaces cohesin. Unequal sister chromatids can then be used as templates for DSB 
repair, resulting in changes in the rDNA copy number. Lines represent single chromatids (double- 
stranded DNA). The IGS in which the replication fork is paused is expanded in the bracket. 
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model is supported by evidence that Sir2p alters 
chromatin structure within EXP (/8). DSBs in 
the IGS are expected to recruit cohesin (/9), 
countering the effect of transcription. How- 
ever, because not many DSBs form in the 
rDNA repeats (20), this effect is likely to be 
minor. Also, DSB formation at the RFB was 
similar in the GAL1/10 strain when grown on 
glucose/galactose (0.89/1.00, relative values). 
Therefore, cohesin dissociation appears to be 
the major role of E-pro transcription activity. 
Transcription-induced cohesin dissocia- 
tion provides a potential mechanism for the 
well-established link between transcription 
and recombination (2/), the molecular mech- 
anism(s) of which have remained controver- 
sial. For instance, in immune cells, antibody 
gene recombination requires the transcription of 
flanking genes (22, 23), and this transcription- 
dependent recombination may be mediated 
through cohesin dissociation. Given the large 
amount of noncoding transcription recently 
found in higher eukaryotes (24), some of these 
transcripts may be involved in the regulation 


of cohesin association, allowing cells to 
regulate recombination. 
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An mRNA Is Capped by a 2,,5° 
Lariat Catalyzed by a 
Group I-Like Ribozyme 


Henrik Nielsen, ''2* Eric Westhof,® Steinar Johansen” 


Twin-ribozyme introns are formed by two ribozymes belonging to the group | 
family and occur in some ribosomal RNA transcripts. The group I-like 
ribozyme, GIR1, liberates the 5’ end of a homing endonuclease messenger 
RNA in the slime mold Didymium iridis. We demonstrate that this cleavage 
occurs by a transesterification reaction with the joining of the first and the 
third nucleotide of the messenger by a 2’,5’-phosphodiester linkage. Thus, a 
group I-like ribozyme catalyzes an RNA branching reaction similar to the 
first step of splicing in group II introns and spliceosomal introns. The resulting 
short lariat, by forming a protective 5’ cap, might have been useful in a 


primitive RNA world. 


RNA splicing is found in most prokaryotic and 
eukaryotic organisms and different RNA 
splicing mechanisms have evolved for different 
classes of genes (/, 2). Group I introns (3) carry 
out splicing in a structurally and chemically 
distinct way from that of group II introns and 
the spliceosomal introns found widespread in 
higher eukaryotes. The group I twin-ribozyme 
intron found in the extrachromosomal ribosom- 
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al DNA (rDNA) of the myxomycete Didymium 
iridis (Dir.S956-1) consists of two self-catalytic 
units, a conventional group I splicing ribozyme 
(GIR2) and a group like cleavage ribozyme 
(GIR1) (Fig. 1A). A homing endonuclease gene 
(HEG) encoding the I-Dirl mRNA is found 
inserted downstream of GIR1 (4-6). The 5’ end 
of the I-Dirl mRNA is formed by cleavage 
catalyzed by the GIR1 ribozyme (7). Primer 
extension analyses have led to the suggestion 
of two cleavage sites located three nucleo- 
tides apart (5, 8) referred to as IPS1 (internal 
processing site 1), and IPS2, respectively 
(Fig. 1B). Cleavage at IPS1 was shown to be 
hydrolytic (5, 9). IPS2 has not been charac- 
terized in detail. Primer extension analyses 
of cellular RNAs exclusively show a stop at 
IPS2 (0, 11), whereas the primer extension 
stop at IPS1 is only observed in analysis of 
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full-length intron (7) or deletion constructs in 
vitro. 

We found the processing pattern to be 
strongly dependent on sequences at both the 5’ 
and 3’ ends of the ribozyme and selected two 
variants for a study of IPS2 cleavage (/2). The 
length variants 166.22 [including 166 nt 
(nucleotides) upstream and 22 nt downstream 
of IPS1 Fig. 1, A and B] and 157.22 have 
comparable cleavage kinetics (fig. S1), but 
primer extension analysis shows a distinct 
difference in processing pattern. A primer 
extension stop at IPS1 accumulates over time 
in 166.22 and a stop at IPS2 accumulates in 
157.22 (Fig. 1C). In a parallel cleavage analysis 
with 3’ end-labeled RNA (Fig. 1D) the 3’ 
fragment that accumulates from cleavage of 
both 166.22 and 157.22 is of the same length 
(22 nt). This is inconsistent with cleavage at 
IPS2, and we conclude that the observed primer 
extension stop at IPS2 is a structural stop. 

Incubation of a 22-nt 3’ fragment isolated 
from cleavage of 157.22 (IPS2) with the 166-nt 
5’ fragment results in a complete conversion of 
the primer extension signal from IPS2 to IPS1 
(Fig. 1E) because of ligation and recleavage by 
hydrolysis. Ligation of the 22-nt fragment onto 
the 3’ end of the 5’ fragment followed by 
recleavage is shown in Fig. 1F. The ligation 
reaction is fast and is dependent on the 
presence of G229 because the removal of this 
nucleotide by B-elimination inhibited the re- 
action (fig. S2). The ligation experiments sug- 
gest that the IPS2 modification conserves the 
energy from the cleavage reaction. 

The 5’ ends of the two 22-nt RNAs were 
analyzed by treatment of 3’ end-labeled RNA 
with modifying enzymes (Fig. 2A). Incubation 
of the 3’ fragment carrying the IPS2 modifica- 
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tion [(157)22 RNA] with AP (alkaline phospha- 
tase) or AP and PNK (polynucleotide kinase), 
or PNK alone all shifted the mobility of the 
fragment one position upward in the gel, which 
was consistent with the removal of the 3’- 
phosphate of the pCp label. In contrast, a 3’ 
fragment that resulted from cleavage at IPS1 
without the IPS2 modification [(166)22 RNA] 
was shifted two positions upward with AP, one 
position when phosphorylated with PNK after 
AP treatment, and one position with PNK 
alone. This is consistent with removal of the 
3’-phosphate (from the pCp) as well as an ad- 
ditional phosphate at the 5’ end left by IPS1 
cleavage. Thus, the phosphate at the 5’ end of 
the 22-nt 3’ fragment is accessible to phospha- 
tase in the absence of the IPS2 modification 
but inaccessible when the IPS2 modification is 
present. This feature of the IPS2 modification 
could be removed by incubation of (157)22 
RNA with 166 RNA before the analysis, as 
shown in the last panel in Fig. 2A. Thus, both 
the primer extension stop at IPS2 and block- 
ing of the 5’ end are reversible. An explana- 
tion for these observations is that GIR1 
cleavage occurs by a transesterification reac- 
tion in which cleavage at IPS1 is coupled to 
formation of a 2’,5’-phosphodiester bond be- 
tween C230 and U232. This explains the 
primer extension stop at IPS2, the blocking of 
the 5’ end, the conservation of internal energy 
after cleavage, and the reversibility of the re- 
action. Consistent with the engagement of the 
2'OH of U232, this nucleotide is resistant to 
alkaline hydrolysis in (157)22 RNA, in contrast 
to (166)22 RNA (fig. S3). 

Branches in RNA are resistant to digestion 
with various RNases including mung bean 
nuclease (/3). A resistant fragment was found 
in mung bean nuclease digests of body- 
labeled (157)22 RNA but not (166)22 RNA 
(fig. S4 and SOM text). Digestion of (157)22 
RNA with the exonuclease snake venom 
phosphodiesterase resulted in a resistant frag- 
ment corresponding to the 4-nt lariat circle 
(Fig. 2B) that could subsequently be cleaved 
by the endonuclease mung bean nuclease to 
release the branched nucleotide and pA (Fig. 
2C). These analyses are consistent with the 
presence of the proposed 2’,5’-phosphodiester 
bond between C230 and U232. The sequence 
of the branch was verified by thin-layer 
chromatography (TLC) analysis of the nucleo- 
tides liberated by snake venom phosphodies- 
terase cleavage of purified branch nucleotide 
(Fig. 2D). 

Formation of the branched nucleotide im- 
plies a reaction mechanism in which the 
2'OH of U232 makes a nucleophilic attack 
at the phosphodiester bond at IPS (Fig. 3A). 
To test this mechanism, we made cleavage 
analyses combining a ribozyme truncated in L9 
(157.-7) and site-specifically deoxy-substituted 
substrates that complemented the truncated 
ribozyme (7.22). Only the dU232 substrate did 
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not support cleavage (Fig. 3B). Weak cleav- 
age with the dA231 substrate is ascribed to a 
critical structural role of this nucleotide. The 
cleavage in the all-RNA, dC230, dA231, and 
dC233 substrates was by transesterification as 
shown by primer extension analysis (fig. S5). 

We have shown here that GIR1 cleaves by 
transesterification, not by hydrolysis as proposed 
previously (5). The reaction leaves a 5’ frag- 
ment containing a fully active ribozyme with a 
3’OH, and a 3’ fragment in which the first and 
the third nucleotides are linked by a 2',5- 
phosphodiester bond. A 4-nt lariat was found 
by nuclear magnetic resonance (NMR) imaging 
to have an unusual structure with the sugars in 
the lariat ring locked in a rigid South-type 
conformation (/4). We refer to the similarly 
sized lariat in Didymium as the lariat cap 
because it is found to cap the cellular I-Dir I 
mRNA (Fig. 3C). Other studies have shown 
that IPS1-cleaved RNA cannot be reactivated 
for modification at IPS2, which suggests a 
mechanistic coupling of the two reactions. 
Hydrolytic IPS1 cleavage thus appears as a 
failure to link the 5’-phosphate of C230 to the 
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2‘OH of U232 and is considered an in vitro 
phenomenon. We propose that IPS1 is denoted 
IPS, and that IPS2 is replaced by BP (branch 
point) in line with the nomenclature used for 
group II and spliceosomal introns. 

Our results show that a ribozyme with a 
group I intron—like architecture can carry out an 
RNA branching reaction similar to the first step 
of splicing in group II introns and spliceosomal 
introns. The GIR1 ribozyme has clear structural 
distinctions from group I self-splicing ribozymes 
including the lack of a P1 helix carrying the 
5’ splice site (5, 6). The two known GIR1 
ribozymes from Didymium and Naegleria 
show striking similarity to individual members 
of group I eubacterial transfer RNA (tRNA) 
introns to which the similarity in the core 
structure is in the 60 to 80% range (6). There- 
fore, GIR1 ribozymes may have arisen from 
splicing ribozymes several times during evo- 
lution. The rearrangements that led to the evo- 
lution of GIR1 transformed a conventional 3’ 
splice site (GJ) into a 5’ splice site AG| [in- 
cidentally the consensus sequence of the exon 
part of the 5’ splice site of the major class of 
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Fig. 1. (A) Schematic drawing of the structure of the Dir.S956-1 intron and the GIR1 RNAs described in 
the text. (166)22 RNA refers to a 22-nt fragment isolated from cleavage of a 166.22 RNA precursor. (B) 
Structure diagram of Didymium GIR1. (C) Primer extension analysis of RNA from an experiment 
parallel to that shown in fig. $1. A sequencing ladder is shown to the left. (D) Cleavage analysis 
performed as in fig. S1A, but by using precursor RNA that was labeled at its 3° end with [32P]pCp 
instead of body-labeling with [o-32P]UTP. (E) Primer extension analysis of gel-isolated and 
reincubated (157)22 RNA alone, with 157 RNA, and with 166 RNA. The time points are 0, 1, 4, 
and 8 hours. (F) Ligation of a 22-nt 3’ fragment to a 166-nt 5’ fragment. The 3’ fragment was labeled 
at its 3° end with [32P]pCp. The 5’ fragment was unlabeled. The time points are 0 and 20 min, and 1, 
2, 3, and 4 hours. M1 and M2: 166.22 and 157.22, respectively, cleaved and labeled with [32P]pCp. 
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spliceosomal introns (/)]. Thus, the evolu- 
tion of GIR1 ribozymes illustrates a possible 
step in the evolution of spliceosomal introns. 

The homing endonuclease is expressed from 
I-Dirl mRNA formed by precursor ribosomal 
RNA (rRNA) processing (J0). The formation 
of the 5’ end of the I-Dirl mRNA by cleavage 
of the spliced out intron precludes the normal 
cotranscriptional addition of a cap nucleotide. 
The cap nucleotide in typical messengers serves 
several functions, including protection from 
degradation by 5’—3’ exonucleases, and re- 
cruitment of protein factors in initiation of 


translation (/5). The reaction at IPS in GIR1 
results in protection of the 5’ end of the I-Dirl 
mRNA against the activity of 5’=3’ exonu- 
cleases by formation of a lariat cap. This 
potentially substitutes for one of the features 
of the missing cap nucleotide. GIR1 processed 
RNAs are stable when expressed in Escherichia 
coli and yeast (11, 16), which supports this idea 
of 5’ stabilization by lariat formation. 

The present observations extend the diversity 
of natural ribozymes (3) and connect the group I 
and group II introns, two major structural 
classes of self-splicing RNAs. Despite its 


overall structural similarity with other natural 
group I introns, the GIR1 ribozyme is distinct 
from the group I splicing ribozymes not only in 
key structural features but also in the type of 
reaction catalyzed and in the derived function. 
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Fig. 2. (A) Characterization of the 5’ end of the 22-nt 3’ fragment. [?2P]pCp- 
labeled 3’ fragment was isolated from 157.22 and 166.22 and subjected to 
treatment with alkaline phosphatase (AP), AP followed by rephosphorylation 
with T4 polynucleotide kinase (APxPNK), or treatment with PNK alone (PNK). 
The sample denoted (157)22 x 166 was preincubated at reaction conditions 
for 30 min before the analysis. OH and T1: Alkaline ladder and T1 digest of 
[22P]pCp—labeled precursor 157.22. (B) Diagram of the 22 nt lariat used for 
experiments in (C) and (D). The RNA was body-labeled at the phosphates in 
bold by incorporation of 32P. Arrows indicate potential cleavage sites for mung 
bean nuclease (MB) and snake venom phosphodiesterase (SV). Cleavage of the 
22-nt fragment at sites labeled 1 with SV results in a protected lariat circle 
(LC). Cleavage at sites labeled 1 and 2 with MB results in a protected branched 
nucleotide (BR). Subsequent cleavage of BR with SV at sites labeled 3 releases 
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by gel purification and subsequent digestion with MB (LCxMB). The 22-nt 
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Fig. 3. (A) Outline of the reaction catalyzed by GIR1. The 2’OH of the 
internal residue U232 makes a nucleophilic attack at the IPS. Bond lengths 
are not drawn to scale. (B) Cleavage experiment using 157.-7 ribozyme 
combined with four different deoxy-substituted substrates each con- 
taining 7 nucleotides upstream and 22 nucleotides downstream of IPS. 
Numbering of nucleotides is according to their position in the intron. (C) 
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fragment and digests with MB or SV serves as markers. (D) Characterization of 
the branched nucleotide by purification of its phosphorylated and dephos- 
phorylated form, and subsequent TLC analysis of nucleotides liberated by 
digestion with SV. The first two runs show digests of the 22-nt fragment. The 
following show the isolated branch (BR), and dephosphorylated branch (BRAP), 
respectively. Finally, the last two runs show the subsequent digests of these 
with SV (BRxSV and BRAPxSV). 
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Diagram showing the structure of the fully processed I-Dir | mRNA that encodes the homing endonuclease. 
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Structural Evidence for a 
Two-Metal-lon Mechanism of 
Group | Intron Splicing 


Mary R. Stahley and Scott A. Strobel* 


We report the 3.4 angstrom crystal structure of a catalytically active group | 
intron splicing intermediate containing the complete intron, both exons, the 
scissile phosphate, and all of the functional groups implicated in catalytic metal 
ion coordination, including the 2’-OH of the terminal guanosine. This structure 
suggests that, like protein phosphoryltransferases, an RNA phosphoryltransferase 
can use a two-metal-ion mechanism. Two Mg?* ions are positioned 3.9 
angstroms apart and are directly coordinated by all six of the biochemically 
predicted ligands. The evolutionary convergence of RNA and protein active sites 
on the same inorganic architecture highlights the intrinsic chemical capacity of 
the two-metal-ion catalytic mechanism for phosphoryl transfer. 


Divalent metal ions are used in the active sites 
of a variety of protein phosphoryltransfer 
enzymes, including those required for repli- 
cation, transcription, and cell signaling (/—3). 
Structural and biochemical studies of these 
proteins have shown that many, including all 
polymerases, use a two-metal-ion mechanism 
to promote catalysis (4, 5). In these enzymes, 
a pair of divalent metals, located 3.8 to 5.0 A 
apart, are used to position substrates, activate 
the nucleophile, and stabilize the charge on 
both the leaving group and the scissile phos- 
phate (6-8). 

Many RNA-based_ phosphoryltransferases 
also require direct coordination to active-site 
Mg?* ions, including self-splicing introns, ri- 
bonuclease P, and the spliceosome when it 
catalyzes pre-mRNA splicing (9). Both chem- 
ical steps of group I intron splicing require 
divalent metals, and several of the ligands for 
these metals have been biochemically identi- 
fied (Fig. 1B) (J0-15). What has remained 
unclear are the structural details of metal-ion 
coordination in the RNA active site. Recent 
crystal structures have provided information on 
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the fold of the group I intron and the structural 
basis for splice site selection (/6—19); however, 
each of these structures included only one 
active-site Mg?*, and all were inactive (Fig. 
1B and fig. S1) (20). An independent model 
derived from biochemical analysis invokes 
three active-site metals and a coordination ge- 
ometry for these metals different from that 
observed in protein enzymes (Fig. 1C) (2/, 22). 

We have determined the crystal structure 
of an intron splicing intermediate that includes 
all metal-ion ligands and thereby retains the 
ability to catalyze exon ligation at a slow rate. 
We formed this crystallization construct by 
annealing a transcript comprising the majority 
of the Azoarcus sp. pre-tRNA"* group I intron 
with two oligonucleotides, capturing the in- 
tron just before the second step of splicing 
(pre-2S) (Fig. 1A) (23). One 22-residue 
oligonucleotide, rcirc, represents the 3’-end 
of the intron and the 3’-exon. The second, a 
trimer (CAT), mimics the 5’-exon. The critical 
difference between this construct and the 
previously reported Azoarcus group I intron 
structure is the inclusion of the ribose at the 
terminal guanosine (wG) position. The wG O2’ 
has been biochemically identified as an essen- 
tial ligand for a catalytic metal ion that in- 
creases the rate of splicing at least a millionfold 
(24, 25). In order to slow the reaction suffi- 
ciently for crystallization, the complex contains 
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a single 2’-deoxy substitution at the last nucle- 
otide of the 5’-exon, U-1. This functional group 
contributes ~ 1000-fold to chemistry through 
a hydrogen bonding network that appears to 
be independent of metal-ion coordination 
(19, 26, 27). Crystals of the ribo-wG intron in 
complex with the RNA binding protein U1A 
were obtained under conditions similar to those 
reported for the deoxy-wG complex (19, 23). 

The crystallized RNA was able to promote 
exon splicing when the ribo-wG pre-2S crys- 
tals were soaked with a radiolabeled 5’-exon 
substrate containing either a ribose (CAV) or a 
2’-deoxyribose (CAT) at U-1 (Fig. 2A) (28). 
For this reaction to occur, the labeled substrate 
must have displaced the CAT cocrystallized in 
the intron complex. For crystals soaked with 
CAU or CAT, the extent of reaction after 50 
hours was similar to that observed in solution 
under conditions designed to mimic those 
within the crystal (~15% and ~3% reacted, 
respectively) (Fig. 2, A and B). Incomplete 
reaction is likely to reflect the stoichiometry of 
the reactants and the equilibrium between the 
forward and reverse splicing reactions (19, 29). 
No spliced exon product resulted from the 
combination of oligonucleotides used in the 
previous structure determination (Fig. 2A, lane 
4). The crystals did not change in appearance 
upon addition of CAU, but diffraction was 
substantially reduced, likely resulting from an 
increase in heterogeneity of the RNA. These 
data demonstrate that the ribo-mG pre-2S 
complex is in a catalytically accessible con- 
formation within the crystals. 

We determined the 3.4 A structure of the 
ribo-@G pre-2S group I intron complex using 
the experimental phases from the deoxy-wG 
structure followed by refinement (supporting 
text) (23). Because the RNA in the ribo-wG 
structure is primarily in the unspliced form 
because of the inclusion of a deoxy at U-1, the 
model is exclusively of the pre-second step 
reaction state. Although the overall architec- 
ture of the ribo-@G pre-2S complex was essen- 
tially unchanged, the identity and position of 
metal ions in the active site were substantially 
different from those observed in the deoxy-wG 
pre-2S structure (/6). 

An F.-F, difference map calculated before 
metal modeling revealed two large peaks (50) 
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Fig. 1. The group | intron splicing reaction. (A) Secondary structure of the 
pre-2S crystallization construct. The residues discussed in the text are shown 
superimposed on the secondary structure. RNA connectivity is depicted with a 
dashed line with small arrows to show the 5’ to 3’ orientation. Exons are 
shown in red. The coloring of other residues corresponds to the structural 
element in which they are located: P4 to P6 (green), P3 to P9 (blue), and J8/7 
(purple). (B) Summary of the biochemically defined ligands for active-site 
metal coordination. The six oxygens shown in orange have been implicated in 
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metal-ion coordination on the basis of metal specificity switch experiments 
(70-15), including four in the substrates and two in the intron. Ligands 
biochemically shown to coordinate the same metal are depicted with double- 
ended arrows. The exon splicing reaction involving attack of the U-1 O03’ on 
the scissile phosphate with loss of the G O3’ is shown with curved arrows. 
(C) Proposed three-metal-ion mechanism based on differential Mn2+ affinity 
to sulfur/amino-substituted substrates (27, 22). The four substrate ligands in 
(B) are coordinated to three metal ions, M,, M,, and Mc. 
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of native electron density in the active site 
(Fig. 3A). These peaks were assigned as Mg?+ 
ions based on the anomalous density observed 
for binding of a Mg*+ mimic at each site. 
Yb?* bound at site M,, and Mn?+ bound at 
site M, [(30) and supporting text]. The bond 
distances (all ~2.1 A) and octahedral coordi- 
nation geometry also indicate Mg** binding at 
both sites (Fig. 3B). The two metals have in- 
ner sphere coordination to nine oxygens, in- 
cluding all six of the biochemically predicted 
ligands (Figs. 1B and 3, B and C). In both 
cases, five of the metals’ six possible coordi- 
nation positions were satisfied by direct con- 
tacts to RNA functional groups. In each case, 
an additional phosphate oxygen (U173 pro-S, 
oxygen for M, and A87 pro-S, oxygen for 
M,) appeared to make an outer sphere contact, 
fully satisfying the metals’ octahedral coordi- 
nation geometry. Density for the bridging 
waters was not visible at this resolution. 

The two metals are well positioned to 
promote catalysis of the exon ligation reaction 
(Fig. 3B). M, shows direct coordination to the 
nucleophile (O3’ of U-1) and the scissile 
phosphate pro-R, oxygen; it is equivalent to 
the metal observed in the deoxy-wG pre-2S 
complex (/6). Substantial changes in the 
identity and location of the second metal 
ion were observed upon inclusion of the mG 
2’-OH. A K+ was bound near site M, in the 
deoxy-aG structure, but it was too far away to 
make direct contact with the scissile phos- 
phate (/6). In the native ribo-wG complex, the 
Mg?+ at M, was 2.5 A closer to the scissile 


A Reaction in crystal 

1 2 3 4 
Crystal type reirc/CAT reirc/CAT dcirc/CAT 
Soaked with “CAU “CAT ‘*CAU *CAU 
Product —» - 


Substate—>- = cs 


Fraction 


reacted 3% 12% 


<0.1% 


B Reaction in solution 

1 2 3 
Complex type reirciCAT —reirc/CAT 
Substrate “CAT “CAT *CAU 
Product —» - 


Substrate —> a = 


Fraction % 19% 


reacted 


Fig. 2. Activity of the group | intron crystals. (A) Pre-2S crystals were soaked with an excess of 32P- 
radiolabeled 5’-exon substrate with ribose or 2-deoxy at U-1 (CAU or CAT, respectively). The crystals 
were assayed for exon ligation as described (28). The pair of oligonucleotides used in the original 
crystallization and the identity of the soaked, radiolabeled, 5’-exon substrate are indicated above the 
autoradiogram. (B) Reactivity of the complex in solution (28). In both panels, the fraction reacted is 


shown below each lane. 


phosphate and the mG O3’ leaving group. 
This Mg*+ ion makes inner sphere contacts to 
the scissile phosphate’s nonbridging pro-R, 
oxygen and both the 02’ and the O3’ leaving 
group of the mG (Fig. 3B). This change in 
metal positioning and identity is coupled with 
movements of nucleotides A127 and G128 
within the active site. These changes resulted 
in a decreased metal-to-metal distance from 
5.4 A in the deoxy-oG structure to 3.9 A in 
the ribo-wG structure. The observed changes 
in metal-ion identity and coordination likely 
account for the more than a millionfold loss of 


activity observed upon 2’-deoxy wG_ sub- 
stitution during either step of splicing (24, 25). 

The coordination of M, and M, in this 
structure satisfies all the biochemically pre- 
dicted catalytic metal-ion ligands, including 
four provided by the substrates and two within 
the intron active site (J0-15) (Figs. 1B and 
3B). In the three cases for which data are 
available, the biochemically predicted coordi- 
nation of one metal by two ligands was also 
observed in the structure (/3—/5). Further- 
more, the orientation of the 03’-nucleophile 
and scissile phosphate are ideal for inline nu- 
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Fig. 3. A two-metal mechanism 
for group | intron splicing. (A) F- 
F. omit map (active-site metals 
were not included in the model) 
used to assign M, and M, posi- 
tions, superimposed on the refined 
structure. The native density (50) 
for each metal is depicted in 
blue. The other residues are as 
labeled. In (A), (B), and (D), the 
scissile bond, nucleophile, and 
leaving group are shown in yel- 
low. (B) Active-site coordination 
to M, and M,. In this and (D), the © 
active-site Mg*+ ions are shown 
as large orange spheres, the pre- 
dicted inner and outer sphere 
ligands are shown as small or- 
ange spheres, and the metal-to- 
metal distance is labeled. Orange 
lines indicate inner sphere coor- 
dinations. Labels for the individ- 
ual nucleotides are as in Fig. 2A. 
All the coordinations depicted in 
Fig. 1B are satisfied in this struc- 
ture. (C) Model of the group | 
intron transition state stabilized 
by a two-metal mechanism. (D) 
Two-metal active-site coordination 
within the T7 DNA polymerase (7). 
The incoming deoxy-nucleotide 
triphosphate (dNTP), the primer 
oligonucleotide, and active-site 
aspartates are labeled. The nucleo- 
phile was not present in the 
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crystal structure but is modeled here for comparison. 


cleophilic attack (the O3'—P distance is 3.2 A, 
and the O3’-P-O3’ angle is 175°). 

There is no evidence within this structure 
for a third active-site metal ion. A three- 
metal-ion mechanism was proposed on the 
basis of a difference in Mn** concentration 
needed to rescue different sulfur or amino sub- 
stitutions of substrate functional groups. These 
experiments were performed on a “ground 
state complex” in which neither of the exons 
nor the critical guanosine were bound (Fig. 1C) 
(21, 22). In this model, two different metals, 
M,, and M,, are proposed to coordinate the 
03’ and O2’ ligands of the wG, respectively, 
resulting in different roles for the catalytic 
metals from those predicted by the ribo-@G 
structure. Most notably, none of the metals 
bridge between the scissile phosphate and the 
leaving group in the three-metal model. Al- 
though we cannot exclude the possibility that a 
third metal ion is disordered in the crystal 
structure, the majority of the biochemical data 
are explained by the two metals that are ob- 
served. If a third metal is modeled near the 03’ 
of wG opposite M,, the position that is pre- 
dicted in the three-metal model, the closest 
phosphates (@G206 and C+2) are more than 
3.5 A away, too large a distance to make direct 
metal-ion coordination. Additionally, these two 
phosphates have never been implicated in metal- 
ion coordination, and it has long been estab- 
lished that the absence of these phosphates 
does not alter the activity of the reaction (3/). 


SCIENCE VOL 309 2 SEPTEMBER 2005 


The two-metal architecture observed in this 
ground state structure and the bulk of the bio- 
chemical data on catalytic metal ions in 
group I intron splicing support a two-metal- 
ion mechanism for transition state stabiliza- 
tion, similar to that originally proposed by 
Steitz and Steitz based on analogy to exonu- 
clease and phosphatase mechanisms (Fig. 3C) 
(7). M, (biochemically titled M,) (/0) acti- 
vates the nucleophile, whereas M, (which has 
the dual characteristics of the biochemically 
titled metals M, and M.) (//, /2) stabilizes 
the leaving group. Both metals bridge to the 
scissile phosphate, where they counterbalance 
the development of negative charge. In this 
mechanism, the active-site metal ions are sym- 
metrical, which is consistent with a forward 
and reverse equilibrium for group I intron 
phosphoryl transfer of approximately one un- 
der standard reaction conditions (29). The 
reversible nature of the group I reaction sug- 
gests that the intron completes both steps of 
splicing in a similar active site. In the first step 
of splicing, the roles of the U-1 03’ and G 03’ 
are reversed from what is observed here, in 
that U-1 03’ is the leaving group and the ex- 
ogenous G 03’ is the nucleophile. The roles of 
nucleophilic and leaving group activation for 
the two metals are also likely to be reversed 
between the two splicing reactions. 

The location, coordination, and function of 
the active-site metals observed in this RNA 
active site are equivalent to a generalized two- 


metal-ion mechanism of catalysis employed 
by a wide variety of protein enzymes for the 
promotion of phosphoryltransfer reactions (8). 
The M, to M, distance is 3.9 A, a hallmark of 
the two-metal mechanism. M, and M, share a 
scissile phosphate ligand and coordinate the 
two conjugated phosphate oxygens of A172 
(Fig. 3, B and C) (73). Shared ligands are seen 
in two-metal-ion protein enzymes where both 
catalytic metals coordinate the scissile phos- 
phate and bidentate carboxylates of conserved 
aspartate or glutamate residues (8, 32). Be- 
cause conjugated and shared ligands of two 
metals are bound less tightly than other lig- 
ands, this coordination geometry is expected 
to increase the Lewis acidity of the metal 
toward the nucleophile or leaving group and 
promote the reaction (32). The conservation 
of this feature between RNA and protein 
enzymes highlights its importance. Further, 
two-metal-ion mechanisms sometimes use a 
metal-bound water to protonate the leaving 
group of the reaction (6). M, has a single api- 
cal position available for a water ligand that 
may protonate the @G O03’ leaving group. 
There is marked similarity between this 
RNA active site and the active sites of RNA 
and DNA polymerases (Fig. 3, B and D) (5). 
The 5’-exon is analogous to the primer strand, 
the 3’-exon to the incoming nucleotide, and 
the G to the pyrophosphate leaving group 
(33). Both active sites contain two metal ions 
and coordinate those metals in a similar man- 
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ner. The simultaneous coordination of the 
scissile phosphate pro-R, oxygen, oG O2’, 
and wG 03’ by M, is analogous to coordina- 
tion of a single metal to the alpha, beta, and 
gamma phosphates of the incoming nucleotide 
in polymerases (/). RNA enzymes and protein 
enzymes are not evolutionarily related, so the 
equivalence of group I intron and polymerase 
active sites must be an example of convergent 
evolution. That macromolecular evolution ar- 
rived independently at the same solution in 
RNA and proteins implies an intrinsic chemical 
capacity of the two-metal-ion catalytic archi- 
tecture for phosphoryl transfer. It is possible 
that this mechanism was used by the prebiotic 
RNA-based RNA polymerase and that it con- 
tinues to be employed by other RNA splicing 
systems, including the spliceosome. 
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Albumin and IgG Removal 

Albumin and gammaglobulin (IgG) can constitute more than 
50% of total serum proteins, obscuring other proteins and making 
the resolution of low-abundant proteins difficult. Two new kits, 
one antibody-based and one dye-based, efficiently remove albumin 
and IgG from samples. The ProteoSeek Antibody Based Albumin/IgG 
Removal Kit contains an immobilized anti-lgG/anti-albumin gel for 
the removal of human serum albumin and all major subclasses of 
IgG from human serum, plasma, or spinal fluids. The dye-based 
ProteoSeek Albumin/IgG Removal Kit contains a mixed bed matrix 
of immobilized cibacron blue and high-capacity immobilized pro- 
tein A and provides an efficient, economical method for depleting 
excess abundant proteins while enriching the lower molecular 
weight proteins, peptides, and other small components. 

Pierce For information 815-968-074 7|www.piercenet.com] 


DNA Damage System 

The Comet Assay IV is an interactive video-based software system 
that measures the DNA damage detected using single-cell gel 
electrophoresis. Using a high-definition video camera attached to 
a microscope, Comet Assay IV provides real-time cell scoring by 
transferring a live video image to a computer screen with no time 
lag. The comet assay is one of the standard methods of assessing 
DNA damage and uses fluorescent microscopy to examine it at 
the single-cell level in a wide range of applications, including 
genotoxicity testing, ecotoxicology, clinical diagnostics, food pro- 
cessing and nutrition, mechanistic research, and health and safety 
testing. The system can be incorporated into existing protocols 
and data can be saved to Microsoft Excel or an Oracle database. 
Perceptive Instruments For information +44 (0)1440 730773 


Quantitative Proteomics Software 

Proteineer-LC 1.1 is a unique liquid chromatography-mass spec- 
trometry/mass spectrometry (LC-MS/MS) based quantitative 
proteomics solution. Protein- 
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digital controller. Clean-up of spills is easy because of a hygienic, 
polished stainless steel interior and removable spill tray. 
Sartorius For information 800-258-9000[www.sartorius-bbi-systems.com] 


Electronic Pipettors — > 

The line of BiopetteEElec- -—  . > 
tronic Pipettors has been - q a 
expanded to 12 models Q a 
available in single-, 8-, and 4 e 
12-channel configurations. a = 


The new 8-channel and 

12-channel, 1200-ul instru- 

ments are well-suited for 

efficient pipetting into 

96-well plates. Pipetting 

modes include multiple dispensing, mixing, sequential dispensing, 
sequential aspiration, and serial dilution. The instruments feature a 
lightweight, ergonomic design and fully motorized piston drive to 
reduce the potential for repetitive stress injury. 

Labnet International For information 888-522-638 1[www.labnetlink.com] 


Membrane Protein Plates 

CrystalQuick Plus combines the optical properties of a flat crystal- 
lization well bottom with superior surface features, rendering a 
format especially conducive to crystallography of cell membrane 
proteins. The hydrophobic plate surface effectively prevents drop 
deformation, even when surface-tension-reducing substances such 
as detergents or ethanol are contained within. In addition, the 
hydrophobic surface significantly reduces meniscus formation of 
reservoir screening solutions, thereby minimizing the risk for screen- 
ing solution to spread from the reservoir into the crystalization well. 
CrystalQuick Plus permits screening of up to 288 crystallization set- 
ups per plate. Each screening reservoir contains an elevated platform 
with three square, flat bottom crystallization wells to perform multi- 
ple sitting drop vapor diffusions within a 96-well framework. 
Designed to facilitate high-throughput pro- 


Scape 1.3 is new bioinformatics 
software. Stable isotope label- 
ing experiments and user- 
defined isotopic labels are fully 
supported in these new soft- 
ware releases. The Proteineer 
software suite extends the 
existing workflow support from 
two-dimensional gel to LC- 
MS/MS-based protein identifi- 
cation and quantitation using 
Bruker Daltonics’ Ultraflex II 
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tein crystallography in automated system, 
the plates enable the investigation of optimal 
crystal growth conditions and subsequent x- 
ray diffraction at reduced cost. 

Greiner Bio-One For information 800-884-4703 


www.gbo.com/bioscience 


Literature 

Endogen Applications Handbook and Cata- 
log 2005/2006 is an 82-page publication 
with technical sections on enzyme-linked 
immunosorbent assays, Searchlight multi- 


matrix-assisted laser desorp- 


plex assays and custom array development, 


tion ionization-time of flight 
and HCTultra ion trap mass spectrometers. 
Bruker Daltonics For information 978-667-9580|www bruker-biosciences.com| 


Stackable Shaking Cabinets 

The Certomat BS-1 line of high-capacity, stackable environmental 
shaking cabinets has been redesigned for improved user-friendli- 
ness and longevity. Requiring less than 10 square feet of floor 
space, up to three cabinets can be stacked without any reduction 
in shaking speeds. The interior chamber can hold up to six-liter 
Erlenmeyer flasks. All key parameters are programmable though a 


enzyme-linked immunospot kits, and 
primer sets. It also features information for recombinant proteins, 
recombinant active kinases, antibodies, and supporting reagents. 
Pierce For information 815-968-074 7[www.piercenet.coml] 
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Data Delivery for DNA Microarrays As their technology has 
advanced, DNA microarrays have started to find fresh applications in 
biomedicine. To facilitate those uses, vendors have had to develop new 


approaches to storing and analyzing the data that microarrays produce. , 4 


During the past half decade, DNA microarrays have 


have cheap fabrication technologies,” she says. “And 


undergone a transformation from laboratory curiosi- the main improvements are yet to come, via nan- it | 
ties to devices that permit scientists to probe entire | otechnology research at MIT, HP, and other technolo- ~ 
genomes at an exquisitely detailed level. They have _ gy innovators.” 7 J 
also begun to move from studies of gene expression Herbert Auer, director of the functional genomics ww Po 
profiling into broader areas of biomedicine. “Microar- core at Columbus Children’s Research Institute ines apy 
rayS are now actively used in clinical trials and are and chair of the ABRF Microarray Research — 


needed for drug development because they permit 
you to assess quickly how a particular drug is working; 
you can see early what kinds of genes are respond- 
ing,” explains Irene Gabashvili, technical lead for 
computational biosciences at Hewlett-Packard 
(HP). “They are also used in diagnostics.” 

This expansion of applications stems in large 
measure from developments in DNA microarray tech- 
nology. “There have been improvements in the 
robustness of the systems,” says Jordan Stockton, 
marketing manager for informatics at Agilent Tech- 
nologies. “Users have gone from spotted comple- 
mentary DNAs [cDNAs] to direct synthesis on slides or 
arrays. The content of arrays has improved dramati- 
cally as sequences have become available.” 

Walter Koch, head of research for Roche Molecu- 
lar Diagnostics, adds to that list. “There have been 
substantial improvements over the past five years in 
microarray manufacturing technologies that allow the 
reproducible, larger scale manufacture of higher-den- 
sity microarrays with smaller feature size,” he says. 
“Concomitantly, advances in laser scanning technolo- 
gy have resulted in smaller pixel resolution to take 
advantage of the ever-smaller feature sizes.” 
Gabashvili, meanwhile, sees a continuing process of 
improvement. “We have better quality control. We 


Group (MARG), an organization that undertakes reg- 
ular surveys of microarray users, has his own take on 
advances in the technology. “What’s happening now 
is almost not comparable with what happened five 
years ago,” he says. “Now, scientists can examine all 
the transcripts of an organism rather than a few thou- 
sand. Another thing that has definitely changed is the 
reproducibility of commercially available microarrays. 
And the equipment used for home-made microarrays 
has become better. The probes that | use are much 
more specific now. Five years ago, pretty much every- 
body used cDNAs; now they use oligonucleotides for 
more specificity.” 


Massive Amounts of Genetic Information 

Stephen Fodor and his colleagues invented the 
microarray in the late 1980s. Fodor, founder, chair- 
man and CEO of Affymetrix, the first company to 
commercialize microarrays, summarizes the impact of 
the recent advances. “The frame- MORE >) 


Inclusion of companies in this article does not indicate endorse- 
ment by either AAAS or Science, nor is it meant to imply that their 
products or services are superior to those of other companies. 
This is the final one of four special supplements this year on 
Advances in Biochips. The first three appeared in the 4 March, 6 
May, and 19 August issues of Science. 
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work for growth of the field is there,” he says. “Today, scientists have the 
ability to look at massive amounts of genetic information simultaneously in 
a single experiment.” 

Those huge amounts of data create an obvious challenge: They have no 
value until scientists can analyze and make sense of them. “The biggest 
problem is still as it was through the years: bioinformatics and data analy- 
sis,” Auer says. Dealing with that problem demands a combination of 
sophisticated hardware and software, as well as tools such as microarray 
readers and scientific software that are user-friendly for bench scientists. 

Users of microarrays face other issues. “The number two challenge, 
according to surveys by MARG, is funding of operations,” Auer says. 
“Microarray technology is still relatively expensive — a few hundred dollars 
per experiment.” Siamak Baharloo, marketing manager with the bioinfor- 
matics and e-business group at Invitrogen, pinpoints another problem. 
“The challenge is a lack of standards in platforms, protocols, and analysis,” 
he explains. “You can follow the exact same protocol, but if you change a 
single reagent or the platform, you get entirely different data. Two labs 
down the same corridor can get entirely different results by using different 
platforms.” 


Two Types of Labels 

Sample processing for microarrays involves labeling, detection, and data 
interpretation. Scientists can tag the DNA attached to a microarray with 
some type of label and then detect it with laser scanners or other devices 
specifically designed for use with microarrays. Scientists have a choice of 
two types of label. Radioactive labels, imaged with a phosphorimager or 
autoradiography film, make up in effectiveness what they may lack in 
glamour. Companies such as MP Biomedicals and PerkinElmer Life 
and Analytical Sciences offer the most common radiolabels for this 
procedure. Radiolabels most often find use with nylon membrane 
macroarrays, such as those offered by BD Biosciences Clontech and 
Millipore. 

Scientists tend to prefer fluorescent labels, which offer less risk of radi- 
ation exposure, easier disposal, and greater sensitivity when compared 
with radioactive labels. To identify multiple samples, a researcher can mul- 
tiplex experiments on a single microarray, using several different com- 
pounds that each emit a different wavelength. Companies that produce flu- 
orescent labels include GE Healthcare, Invitrogen, and Sigma-Aldrich. 

Fluorescent imaging systems for microarrays perform several basic oper- 
ations. They excite the fluorescent labels attached to the samples, collect 
emitted light, and generate digital images of the fluorescent signal. To col- 
lect the fluorescent images, scientists can opt for scanning or imaging. 
Scanning involves laser excitation with a photomultiplier tube detector 
while imaging uses filtered white light excitation with a charge coupled 
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Opportunities for Career Advancement 


If you want to advance your career in research on microarrays — or any 
other field — you can visit[ScienceCareers.ors] the American Associa- 
tion for the Advancement of Science’s site that brings together 
recruiters and job seekers. There you will find a wide selection of job 
opportunities in research, along with information to help you to fur- 
ther your career in science. 
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device detector. Affymetrix, Hitachi Genetic Systems/MiraiBio, Mol- 
ecular Devices, and other companies offer DNA microarray readers based 
on these detection systems. 

Affymetrix has developed the GeneChip Scanner 3000 7G, related to the 
company’s GeneChip Scanner 3000 series, for use with next-generation 
higher density arrays. It scans 5 ym features, enabling an increase in 
genomic content of 500 percent over the previous arrays. The scanner sup- 
ports the latest high density, high information content microarrays for 
tiling, and up to 500,000 SNP genotyping research. Combined with 
Affymetrix’s GeneChip AutoLoader, the 3000 7G provides sample tracking, 
temperature control, and walk-away freedom from scanning. 

The scanner processes vast amounts of information. “At a5 micron fea- 
ture size, our standard 1-cm. square chip contains about 6.5 million probes,” 
Fodor says. “That’s a lot of data, and the 7G is capable of reading it.” 


Interpreting the Results 

Having scanned the array, scientists need to interpret the results. Storing 
and analyzing information from microarrays that contain thousands of sam- 
ples or spots offer a serious challenge. “Data analysis represents a bottle- 
neck today,” says Scott Cole, marketing manager for Agilent. Scientists typ- 
ically spend many hours at their desks, working with computers and spe- 
cialized software to store and manage sequence data, design microarray 
formats, and analyze the data gathered from those studies. 

The situation is improving, however. “A few years ago, scientists didn’t 
know what questions to ask,” Cole’s colleague Stockton explains. “Now we 
have tools to guide them.” Several companies, including Agilent, Invitro- 
gen, Premier BioSoft, Spotfire, and TeleChem International, offer 
software and other products for microarray design and analysis. 

Through its InforMax subsidiary, Invitrogen offers Vector NTI Advance 
and Vector Xpression software packages for microarray data analysis. And 
in June, the company released iPath, a bioinformatics system that consists 
of 225 high-level, annotated, validated maps of human cell signaling and 
metabolic pathways compiled by GeneGo, Inc. “iPath has very useful and 
rich bioinformatics content,” Baharloo explains. “Customers can search the 
signaling and metabolic pathways by the name of the pathway. They'll land 
at a very user-friendly graphical interface with proteins and other objects in 
the pathway indicated by symbols. The software also indicates bindings, 
translocations, phosphorylations, and other reactions symbolically.” 

In practice, users can seek pathways by querying the software with a 
keyword, a gene’s name or ID, or IDs from specific arrays. “We have associ- 
ated the IDs with the genes, and then associated them MORE >>3 
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with the pathways the genes are involved with,” Baharloo explains. “It 
deconvolutes the various pathways.” To update pathways, a group at 
GeneGo combs through the peer-reviewed literature. “We'll update signifi- 
cant changes instantly and minor ones shortly,” Baharloo says. Affymetrix, 
meanwhile, recently launched a GeneChip Compatible Software Partners 
Program that provides users of microarrays with a broad spectrum of inte- 
grated solutions for biomedical research and development. 


Software and Hardware 
Agilent’s Silicon Genetics unit specializes in software for expression data 
analysis and management. Its GeneSpring software product is a powerful 
visualization and analysis solution, designed for use with genomic 
expression data from virtually any source, that can display and analyze 
large datasets on a typical desktop computer. “GeneSpring is the center 
of our code base. We’re aiming to add new applications and uses for any 
high throughput technologies,” Stockton says “Data generated from 
many different types of microarray applications tend to be useful in the 
same experiment,” Cole adds. “So it’s becoming important to leverage 
many pieces of microarray data. We’re working on tools to do that in the 
GeneSpring platform.” 

Microarray applications are clearly pressing the limits of conventional 
computing power. Hardware companies such as Apple, HP, and IBM are 
working on ways to obtain more power from existing computers, to devel- 
op more powerful computers, and to devise more capable software. “We 
are doing our own research and supporting research at academic institu- 
tions,” HP’s Gabashvili says. “For real-time 


Diagnostic Applications in View 

Roche Molecular Systems has taken that movement a stage further. The 
U.S. Food and Drug Administration has cleared its first microarray 
based test, the AmpliChip CYP450 Test, powered by Affymetrix microarray 
technology, for diagnostic use in the United States. “The test detects vari- 
ations in the CYP2D6 and CYP2C19 genes, which play a primary role in the 
metabolism of many widely prescribed drugs,” Koch explains. “The test 
also provides a predicted phenotype — that is, poor, intermediate, exten- 
sive, or ultrarapid metabolizer.” 

That represents just a start. “We are continuing to develop other inno- 
vative clinical diagnostic AmpliChip tests based on the Affymetrix high- 
density oligonucleotide microarray platform,” Koch says. “Several other 
companies are also working on developing microarrays for diagnostic 
use, SO one might say a trend is beginning.” 

Microarrays have proven their utility for research in several areas, 
including expression profiling, SNP analysis, and tumor sub-typing. The 
data from these devices just keeps on coming as microarrays gain popu- 
larity with researchers worldwide. And as progress continues in develop- 
ing standards and more application-specific arrays come to market, these 
new tools will become increasingly useful in revealing more and more sci- 
entific data from less and less sample. 


Peter Gwynnd{pgwynne767@aol.com) is a freelance science writer based on Cape Cod, 
Massachusetts, U.S.A. Gary Heebner[[gheebner@cell-associates.com) is a marketing 


consultant with Cell Associates in St. Louis, Missouri, U.S.A. 
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are designing. Ours is unique in that our cus- 
tomers can decide just what they want.” 

The firm also takes a highly customized 
approach to bioinformatics, aiming to deter- 
mine the optimum high performance architec- 
tures for its customers’ needs. “Every bioinfor- 
matics company says that it offers customized 
software,” Gabashvili says. “But we are sup- 
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computers and operating systems, 
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chemical, [http://www.mpbio.com] 
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porting the IEEE standardization initiative for 
bioinformatics — in particular in microarrays — 
to increase productivity in the field.” 

HP also encourages a move of microarray- 
ing into the diagnostic arena. “One of our col- 
laborators, Harvard Partners Centers for Genet- 
ics and Genomics, is using microarrays to diag- 
nose certain diseases such as deafness, par- 
ticularly in babies,” Gabashvili says. “And 
another partner, at the Biomedical Engineer- 
ing department of the Georgia Institute of Tech- 
nology and Emory University, is integrating the 
microarray technology with bionanotechnolo- 
gy in cancer research for uses such as early 
detection, diagnosis, prognosis, and thera- 
peutics.” 
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BD Biosciences Clontech, nylon mem- 
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GE Healthcare, products for 
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Georgia Institute of Technology, 
university, itt: /Jwinw. gatech. edu] 


Roche Molecular Diagnostics, 
IBM Healthcare and Life Sciences, diagnostic kits and reagents, 
computers and operating systems, 

Sigma-Aldrich Corporation, 
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LION Bioscience AG [Germany], 
bioinformatics software, 
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Massachusetts Institute of 
Technology (MIT), university, 
http://www.mit.edu 


Millipore Corpo 
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Molecular Devices, image detection 
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products for microarray fabrication, 
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Spotfire, Inc., bioinformatics software, 
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Telechem International, Inc., 
bioinformatics software 
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FACULTY POSITIONS IN BIOPSYCHOLOGY 
The University of Chicago 

The University of Chicago is seeking to fill SENIOR 
or JUNIOR POSITIONS in biopsychology. Our 
primary goal is to understand behavior and the mind 
in relation to biological mechanisms. We construe bio- 
logical mechanisms to include the interactions among 
the nervous, endocrine, and immune systems, and we 
are particularly interested in those who study effects of 
mental and behavioral processes on biological mecha- 
nisms. The Institute for Mind and Biology, housed in 
a new biopsychological sciences research facility, is 
dedicated to behavioral studies in animals and humans, 
with fully accredited animal care facilities and commu- 
nal research equipment. 

Ideal candidates are those whose research interests 
bridge to other strengths in the Department of Psy- 
chology, and are enthusiastic about engaging in col- 
laborative transdisciplinary research within a highly 
interactive research community both inside and outside 
the Department of Psychology. We invite applications 
from individuals who primarily study animals and 
employ an integrative approach incorporating multi- 
ple biological mechanisms (e.g., genetic, molecular, 
neurochemical, hormonal, immune, electrophysio- 
logical) that complement their behavioral research. 
Of particular interest is research in the developmen- 
tal, emotional, social, and cognitive aspects of psy- 
chological processes. 

Evaluation of applicants will begin November 1, 
2005. Applicants should submit curriculum vitae, a 
conceptual summary of research, a statement of teach- 
ing interests/philosophy, representative publications, 
and three letters of reference. Please send all materials 
to: Biopsychology Search Committee, 5730 Wood- 
lawn Avenue, Room 101, Chicago, IL 60637. The 
University of Chicago is an Affirmative Action/Equal Opportu- 
nity Employer. 


UC DAVIS SCHOOL OF MEDICINE 
Department of Psychiatry and 
Behavioral Sciences 


ASSISTANT/ASSOCIATE/FULL PROFES- 
SOR of psychiatry. The Department of Psychiatry 
and Behavioral Sciences and the Center for Neuro- 
science, University of California, Davis, invite appli- 
cations for a Neuroscientist at the Assistant/ 
Associate /Full Professor level, to begin July 1, 2006. 

Specialization within any area of cellular or mo- 
lecular neuroscience consistent with the broad goals 
of the Department and Center is open but can- 
didates with backgrounds in the neuropathology 
of schizophrenia are encouraged to apply, especial- 
ly if their research can interact productively with 
existing and developing programs on the neuro- 
pathology of major mental illnesses in the School 
of Medicine. The successful candidate will be ex- 
pected to demonstrate leadership in their research 
specialty, obtain extramural funds, and participate in 
teaching, and University and public service. Can- 
didate will teach graduate students, medical stu- 
dents, and psychiatry residents. Candidates must 
possess a Ph.D. or M.D. degree. Some clinical re- 
sponsibilities possible for qualified applicants but 
not essential. 

Applicants should send a letter, in response to 
search #3824, describing their research and teach- 
ing interests, curriculum vitae, copies of represent- 
ative publications, and the names of at least five 
persons from whom references can be obtained to: 
Edward G. Jones M.D., Ph.D., Director, Center 
for Neuroscience and Distinguished Professor of 
Psychiatry and Behavioral Sciences, 1544 New- 
ton Court, University of California, Davis, CA 
95616-8659. All materials must be received by 
November 30, 2005, to be assured of consideration. 
The search will continue until the position is filled. 
The University of California is an Affirmative Action/Equal 
Opportunity Employer. 
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FACULTY POSITION, IMMUNOLOGY 
Department of Microbiology and Immunology 
University of Oklahoma Health Sciences Center 

Oklahoma City, Oklahoma 


The Department of Microbiology and Immunol- 
ogy at the University of Oklahoma Health Sciences 
Center invites applications for a 12-month, tenure- 
track position at the ASSISTANT or ASSOCIATE 
PROFESSOR level with emphasis in immunology. 
Outstanding scientists in all areas of immunology are 
encouraged to apply. Applicants at the Assistant 
Professor level must have a Ph.D. or equivalent de- 
gree with at least two years of postdoctoral training. 
At the Associate Professor level, the candidate is 
expected to have an independent, extramurally 
funded research program. In addition to developing 
their own research program, the successful candidate 
will have the opportunity to interact with strong 
existing programs in basic immunology, cancer, and 
microbial pathogenesis. Close ties exist with immu- 
nologists at the adjacent Oklahoma Medical Re- 
search Foundation. Teaching responsibilities will 
involve participation in the immunology portions 
of the team-taught graduate, medical, and/or dental 
curricula within the Department. The Department 
currently has 14 full-time, tenured, or tenure-track 
faculty, more than 40 extramural grants and 
contracts, and ranks in the top 10 medical school 
microbiology departments in NIH funding. For an 
overview _of the Department, visit our website: 
Submit curriculum vi- 
tae, description of research interests and teaching 
experience, and the names and contact informa- 
tion, including e-mail addresses, of three references 
to e-mail: or mail 
to: Dr. Frank Waxman, Chair of the Search 
Committee, Department of Microbiology and 
Immunology, BMSB-1053, 940 S. L. Young 
Boulevard, Oklahoma City, OK 73104. Applica- 
tions will be reviewed as they are received and the 
position will remain open until filled. The University of 
Oklahoma is an Equal Opportunity/Affirmative Action 
Employer. Applications from women and ethnic minorities are 
strongly encouraged. 


The Department of Chemistry at Lehman College 
of The City University of New York (CUNY) invites 
applications for the position of DEPARTMENT 
CHAIR beginning September 1, 2006; compen- 
sation commensurate with the applicant’s quali- 
fications. The successful candidate will have a 
distinguished record of research and scholarly ac- 
tivity that is sufficient to merit appointment in the 
rank of FULL PROFESSOR with tenure, and have 
a significant record of extramural funding. The ap- 
plicant should have expertise in either environmen- 
tal chemistry or structural biochemistry. Applicants 
should hold a Doctorate in chemistry or bio- 
chemistry and should have excellent oral and ad- 
ministrative skills and a commitment to teaching at 
the undergraduate and graduate levels. The Chair 
is expected to provide leadership in expanding and 
further developing the Department, and to partic- 
ipate fully in the life of the College, including 
teaching, research, and faculty leadership groups. 
The position will be part of the University’s Flagship 
Initiative in either the Urban Environment or 
Structural Biology, and the successful applicant will 
be expected to participate in collaborative CUNY- 
wide efforts in one of these areas. Applications 
containing a cover letter; curriculum vitae; state- 
ments of research experience, vision for under- 
graduate and graduate education, and departmental 
leadership philosophy; and the names of three 
references should be submitted before December 
31, 2005, to: Search Committee for the Chair of 
the Department of Chemistry, Office of the 
Dean of Natural and Social Sciences, Lehman 
College, The City University of New York, 250 
Bedford Park Boulevard West, Bronx, NY 
10468-1589. Please check the Lehman College 
website: nsp7/nvw lehman, cunedufor upon 
ing faculty announcements. Lehman College/CUNY 
is an Equal Employment Opportunity /Affirmative Action/ 
ADA/IRCA Employer. 
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The National Institutes of Health's Office of Intramural Training and 
Education provides a range of opportunities for individuals to learn the 
nature of the biomedical research profession. 


National Institutes of Health 
http:// www.nih.gov 


NIH Office of Intramural Training 
and Education 
The National Institutes of Health (NIH) has a worldwide reputation for con- http:// www.training.nih.gov 
ducting and funding research related to biomedicine. But the organization has 
another significant role: training young people who want to make their careers 
in science. “Our focus is on the training, which is basically related to teaching 
people how to conduct scientific research,” says Michael M. Gottesman, 
Deputy Director for Intramural Research. “We have tried to develop fairly seam- 
OR Micnarem, _[€SS pathways for training, starting at the high school level, going all the way 
GOTTESMAN to postdoctoral research, and then on to transitional or bridge training as peo- 
ple go on from training programs to scientific positions.” Adds Joan P. Schwartz, assistant director 
of the Office of Intramural Research and acting deputy director of the Office of Intramural Training 
and Education: “The goal is to provide training at various levels of entry into science." 

That training consists of several separate programs, each with their own objectives. For exam- 
ple, the training can provide a route into the research lab for women and members of disad- 
vantaged populations who have faced extreme difficulties becoming scientists in the past. "The 
idea is to give an opportunity to be involved in and contribute to research to people who may 
not otherwise have that opportunity,” explains Alfred C. Johnson, director of the NIH's 
Undergraduate Scholarship Program and its Loan Repayment Programs. According to Mary J. 
DeLong, director of the NIH Graduate Partnerships Program, the home of graduate students in 
NIH laboratories, “Students and university faculty in research collaborations gain access to the 
incredible research resources of the NIH, with a potential for faculty to expand into new areas 
of research." In addition, says Frederick P. Ognibene, director of the NIH Clinical Research 
Training Program: "We want to get people engaged in careers in clinical research.” 


NIH Clinical Research Training Program 
http:// www.training.nih.gov/ crtp/ index.asp 


NIH Graduate Partnerships Program 
http:// gpp.nih.gov 


NIH Loan Repayment Programs 
http:// www.Irp.nih.gov 


NIH Research and Training Opportunities 
http:// www.training.nih.gov 


NIH Undergraduate Scholarship Program 
http://ugsp.info.nih.gov 


The programs provide an obvious bene- 
fit to the organization. "Students bring a 
new ‘energy’ and dimension to research 
teams at NIH,” DeLong says. “Our idea," 
Ognibene adds, "is to enhance the pipeline 
of clinical researchers." Schwartz points out 
the value of the programs to the United 
States, whose taxpayers have doubled gov- 
ernment support for NIH during the past 


| Career Development The programs have a 
marked effect on trainees’ career development. 
“Just being at the NIH is a remarkable experience,” 
Schwartz says. “There is nowhere else you can work 
where you have the opportunity to see what is hap- 
pening and have collaboration possibilities." 
BR ADAH DeLong extends that thought. "Graduate training 
SCHWARTZ at NIH gives students the training experience that 
can serve as a model for the future collaborative and interdisciplinary 
research careers that are rapidly becoming the norm," she explains. 
"There is also the broad network of colleagues established during the 
students’ training that is required for success in the science world." 
The training can also give emerging scientists a direct entrée to careers 
within NIH. For trainees, Gottesman says, “The world is their oyster. So is 
NIH. We have 1,200 principal investigators and a fair amount of turnover. 
So we have about 30 tenure track positions open per year on average." 


decade. “We will get a better educated, more eager, and hopefully 
more diverse scientific work force,” she says. 

NIH's 21 individual institutes and centers run the training programs 
and pay trainees’ expenses. However, the Office of Intramural Training 
and Education has the responsibility of overseeing the targeted programs 
and placing trainees in them. Several of the programs run throughout the 
year, while others focus on summer training. Within the course of a sin- 
gle year, NIH's institutes and centers host more than 5,000 trainees at 
different levels of training and from a variety of locations, including high 
schools from across the United States and American and overseas uni- 
versities. The organization also awards scholarships for undergraduates to 
study science at accredited four-year universities. 


General to Particular The programs run the gamut from the 
general to the specific. They range from giving teenagers a diversity of 


scientific experiences that they can't obtain in their 
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The Genome Technology Branch (GTB) of the National Human Genome Research Institute (NHGRI) is seeking to recruit outstanding 


tenure-track or tenured investigators to pursue innovative, independent research using computational approaches to study complex 
biological problems. General areas of interest include, but are not limited to: 


Investigator Recruitment in Bioinformatics and Computational Biology 


* Modeling and simulation of complex biological networks 
¢ Expression profiling 

¢ Evolutionary biology 

* Database design and data mining 


* Comparative and/or large-scale sequence analysis 

* Computational functional genomics 

* Genome annotation 

¢ Structural prediction, protein folding, and molecular dynamics 


The successful candidate will be able to take advantage of interactions with a highly collegial group of scientists within NHGRI, 
the NIH Intramural Sequencing Center (NISC), the National Center for Biotechnology Information (NCBI), and the NIH campus 
as a whole. In addition, the candidate will have access to NHGRI’s established and robust bioinformatics infrastructure, as well as 
resources made available through NIH’s Center for Information Technology (CIT). 


This position includes a generous start-up allowance, an ongoing resource commitment of research support and space, laboratory 
resources (as needed), and positions for support of personnel and trainees. Candidates must have a Ph.D. or equivalent degree, as 
well as comprehensive, advanced training and accomplishment in one of the targeted areas. Interested applicants should submit a 
curriculum vitae, a three-page description of proposed research, and three letters of recommendation through our online application 
system at http://research.nh 


The closing date for this position is December 1, 2005. 


For more information on GTB and NHGRI’s Intramural Program, please see{http: 


www.genome.gov/Research/| Specific questions 


regarding the recruitment may be directed to Dr. Andy Baxevanis (Search Chair) atjandy@nhgri.nih.govjor by fax (301-480-2634). 


Tenured Investigator Position 
Molecular Pathogenesis and Epidemiology 
of Influenza Virus 


Ws 


The Respiratory Viruses Section of the Laboratory of Infectious Diseases seeks an M.D. scientist 
to establish a research program on Molecular Pathogenesis and Epidemiology of influenza virus. 
This is a broad mandate that will include studies of molecular archeology of the influenza viruses, 
pathogenesis of influenza A virus for diverse host species, and viral evolution and adaptation 
in human and animal hosts. The person will interact with and likely provide some guidance to 
the recently established influenza genomics project. The scientist will translate epidemiologi- 
cal observations and insights into the study of the molecular biology of the virus using reverse 
genetic systems to investigate molecular determinants of host range and of pathogenesis. This 
work will be multi-dimensional involving molecular epidemiological studies, analysis of viral 
genomes, molecular virology, and pathogenesis in a variety of animals. Trials of influenza viruses 
in human volunteers and epidemiological studies in humans will be possible. 


The scientist will head a research team group that will consist of up to eight members including 
professional and technical staff. The group will be located in Building 33, a building under 
construction that contains BSL2 and BSL3 laboratory and animal space. The BSL2 research 
laboratory space will be located adjacent to space occupied by a Principal Investigator engaged 
in pandemic influenza virus research, and it will therefore be possible for both groups to col- 
laborate and to share equipment. Space, technical and postdoctoral Fellow support, supply 
budget, and salary are committed. 


To be considered for this position, you will need to submit curriculum vitae, bibliography, 
a detailed statement of research interests, and selected publications preferably via email to 
Felicia Braunstein at{braunsteif@niaid.nih.gov| In addition, three letters of recommendation 
must be sent to Alan Sher, Ph.D., Chairperson, NIAID Search Committee, c/o Ms. Felicia 
Braunstein, DIR Committee Manager, 10 Center Drive MSC 1349, Building 10, Rm. 44-30, 
Bethesda, Maryland 20892-1349. Completed applications MUST be received by September 
16, 2005. For additional information on this position, and for instructions on submitting your 
application, please see our website at: 
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NIMH 


National Institute 
of Mental Health 


Postdoctoral Position in Psychology or Psychiatry 
Mood and Anxiety Disorders Research Program 


The Section of Developmental Genetic Epidemiology in the 
Mood and Anxiety Disorders Program at the National Institute 
of Mental Health is recruiting a postdoctoral fellow in experi- 
mental psychology, biological psychology/psychiatry, clinical 
psychology, neuro-psychology/psychiatry, or related field. The 
focus of the section is genetic epidemiologic and community 
studies, particularly family and high-risk studies of the corre- 
lates and risk factors for the development of mood and anxiety 
disorders. The candidate must have a Ph.D. in psychology or an 
M.D. with psychiatry residency, and some research experience 
is preferred. Preference will be given to candidates with a back- 
ground and interest in the fundamentals of stress, the autonomic 
nervous system, and/or reproductive endocrinology/hormones. 
Applicants should send a curriculum vitae, statement of research 
interests, and three letters of reference to Dr. Kathleen R. 
Merikangas, Chair Search Committee, National Institute 
of Mental Health, 35 Convent Drive, Bldg 35 Room 1A201, 
MSC-2370, Bethesda, MD 20892-3720. 


WWW.NIH.GOV 


ONAL SALLIE ROSEN KAPLAN FELLOWSHIP FOR 
CER) WOMEN IN BASIC, CLINICAL, EPIDEMIOLOGICAL 
TITULE OR PREVENTION SCIENCE 


The Sallie Rosen Kaplan Fellowship for Women Scientists in Cancer Research is made possible by a generous bequest to 
the Foundation for NIH (FNIH). This is a competitive program for postdoctoral fellows applying to train in any of the National 
Cancer Institute’s intramural research settings, including basic, clinical, epidemiological, and prevention science. 


The postdoctoral fellowship experience at the NCI can serve as a first postdoctoral training assignment, or offer more 
experienced postdoctoral scientists an opportunity to further their training in more advanced methods, to acquire new 
research capabilities, to make changes in the direction of their research, or to receive training in fundamental sciences and 
clinical disciplines for the purpose of enhancing the transfer of biotechnology to cancer clinical programs. 


Program duration is normally 2 to 5 years. Fellows will be supported by a Cancer Research Training Award (CRTA), with 
an augmented stipend in the first year provided by the FNIH. The CRTA Fellowship stipend range is $38,500 to $66,100 
commensurate with level of experience. Standard self and family health insurance is provided and high option coverage is 
available. 


Candidates for the Sallie Rosen Kaplan Fellowship must be female, must possess a doctoral degree, and have less 
than 5 years postdoctoral research experience. U.S. citizenship or U.S. permanent residency (green card) is required. 
Candidates selected for the fellowship will be notified by_M 2 and the starting date will be no earlier than 
May 1, 2006. Applicants are required to apply online at|h 


NIDDK. Candidates should hold a D.V.M., M.D., Ph.D., M.D./Ph.D., or Saran oe conferred less than 5 years beter beginning the fel- 
lowship. Candidates must have a record of outstanding eee productivity and familiarity with a wide range of relevant research techniques. 
The scientific atmosphere of the NIH Intramural Program offers multiple opportunities for education and training. Please send a resume, statement 
of career goals and names of 3 references to the appropriate investigator. 


T. Jake Liang, M.D. [jliang@nih.gov): molecular pathogenesis of virus-cell/host interactions, vaccine development for hepatitis C, animal 
models for hepatitis B and C, molecular pathways of host antiviral defense, and identifying and characterizing molecular targets for antiviral 
development. 


Caroline C. Philpott, M.D. (carolinep@intra.niddk.nih.gov): This laboratory uses genetic and cell biological approaches to study iron uptake 
and utilization in eukaryotic cells. Our work in budding yeast has led to the discovery of new genes involved in iron metabolism, novel systems 
of iron uptake, and unexpected interactions with other metabolic pathways. Newer projects include the use of yeast expression systems to identify 
novel human genes of iron metabolism. 


Barbara Rehermann, M.D. [Rehermann@nih.goy); Basic and clinical immunology research on the pathogenesis of hepatitis B and hepatitis C 
virus infection and immune-mediated liver disease. Areas of interest include mechanisms of virus-host interaction, correlates of spontaneous and 
treatment-induced recovery and mechanisms of disease pathogenesis and progression using immunological, molecular and biochemical techniques 
and experimental animal models. 


Marc Ghany M.D. (marcg@intra.niddk.nih.gov): Basic and clinical research on the pathogenesis and therapy of hepatitis B and C . Areas of 


interest include molecular biology of hepatitis B virus mutants and mechanisms of antiviral resistance of hepatitis B and C. 


Theo Heller, M.D., (theller@nih.gov): The virology of acute hepatitis C, utilizing a model of hepatitis C virion production to elucidate the biol- 
ogy of virion assembly and release, and to explore novel therapeutics. 
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tHe NATIONAL INSTITUTES OF HEALTH 


National Institute of 
Diabetes & Digestive & Kidney Diseases 


Research Opportunity at the NIH, DHHS 
DIRECTOR, OBESITY CLINICAL RESEARCH CENTER AND CHIEF, 
DIABETES BRANCH, NIDDK 


The Intramural Research Program (IRP) of NIDDK invites applications for the combined position of Chief of the 
Diabetes Branch and Director of a newly established, NIH-wide initiative in patient-oriented research in obesity 
(“Obesity Clinical Research Center” -OCRC). The Diabetes Branch, NIDDK conducts basic, translational and clini- 
cal research in the areas of diabetes mellitus and obesity. The Chief is responsible for all activities of the Branch, 
in particular, for integrating the research programs of the several senior investigators and the career development 
of junior investigators. The goal of the OCRC, which will involve researchers from all Institutes and Centers 
within the NIH IRP, is to generate knowledge of the pathophysiology, prevention and treatment of obesity and its 
multisystem co-morbidities, especially type 2 diabetes mellitus. The approach is: 1) to create a center in which to 
conduct state-of-the-art, patient-oriented obesity research, including metabolic analysis and imaging capabilities, 
that would support IRP scientists and serve as a magnet facility to foster collaborations with extramural researchers; 
and 2) to foster multidisciplinary approaches to obesity research, including metabolism, endocrinology, nutrition, 
gastroenterology, hepatology, imaging, genetics and behavioral sciences. 


Priority will be given to applicants at the Professor or Associate Professor level in clinical departments of traditional 
academic medical centers, or in equivalent positions. The applicant must have a proven record of accomplishments, 
including evidence of significant, competitively obtained funding for extramural investigators. The appointment 
will be as a tenured Principal Investigator within NIDDK. The successful candidate will be expected to coordinate 
the multidisciplinary research proposed for the OCRC and the Diabetes Branch. The position offers unparalleled 
opportunity to lead a state of the art program in diabetes/obesity research. Salary and benefits are commensurate 
with the experience of the applicant. 


The Diabetes Branch laboratories are in the Warren G. Magnuson Clinical Center and the OCRC Patient Care Unit is 
a self-contained, metabolic unit located in the new Mark O. Hatfield Clinical Research Center, which are contiguous 
on the main intramural campus of the NIH in Bethesda, Maryland, a suburb of Washington, D.C. 


Interested applicants should send a Curriculum Vitae and list of publications, copies of three major publications, a 
summary of research accomplishments, a plan for future research and three letters of recommendation to Dr. James 
E. Balow, Chair, Search Committee, c/o Ms. Giulia Verzariu, Office of the Scientific Director, NIDDK, Build- 
ing 10, Room 9N222, NIH, Bethesda, MD 20892. 


Closing Date: October 1, 2005 


Department of Health and Human Services 

National Institutes of Health 

National Institute of Diabetes and Digestive and Kidney Diseases 
% HE ee Equal Opportunity Employers 
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advertising supplement 


high schools and providing support for science 
undergraduates from underprivileged backgrounds 
to setting up specialized research programs on dis- 
parities in the health of different ethnic groups 
and introducing medical and dental students to 
clinical research. 

Oh AIRE Training starts at the high school level. “We have 

JOHNSON a competitive program for high school students in 
the Washington, D.C., area; about 150 schools can nominate up to two 
students each. We also have about 200 high school students from all 
over the country who come here for summer study,” Gottesman 
explains. “The concept is that virtually all of us who do science had a 
formative experience. That suggests it may be necessary, if not suffi- 
cient, for a good scientific career." 

At the next level comes the Undergraduate Scholarships Program. "Its 
purpose is to provide support and training for students from disadvan- 
taged backgrounds,” Johnson says. “On average we give out about 15 
new scholarships per year, with an annual value of up to $20,000 
depending on the scholars’ needs.” Students majoring in the biomedical 
and behavioral sciences are eligible for the awards. They can fill out their 
own applications and persuade advisers to send letters of recommen- 
dations that attest to their scientific skills. Recipients spend summers at 
NIH, and have an obligation to work a year at NIH for each year's award. 

Another program targets life scientists with recently minted 
Bachelor's degrees. “We have about 600 students who have graduated 
from college in the last one or two years and stay at NIH for one or per- 
haps two years, doing research in the lab," Schwartz says. The program 
aims to attract students interested in going on to graduate work or 
medical school. “It gets students at a time when they are deciding what 
they want to do,” Gottesman says. “It gives students a chance to expe- 
rience life in a real laboratory situation." 


Graduate Programs A special segment of the 
postbaccalaureate program is the NIH Academy for 
Health Disparities, which studies the reasons for 
demographic differences in vulnerability to various 
diseases. "We have 16 students living together, 
attending a three-hour course once a week, and 
doing research on the issue,” Schwartz says. “This 
group is highly diverse; about half the members 
come from underrepresented minorities." 

At the next academic level, the Graduate Partnerships Program links 
NIH laboratories with universities in collaborative training of about 400 
talented Ph.D. students from over 100 universities, including such over- 
seas institutions as Oxford and Cambridge Universities in the United 
Kingdom and Sweden's Karolinska Institute. “Students complete most of 
the academic course work at their home universities and then carry out 
their dissertation research either predominantly at the NIH or in collabo- 
ration between an NIH mentor and a university mentor," DeLong explains. 
“Exposing students early in their training to two distinct institutions, both 
committed to cutting-edge science though different in structure and oper- 
ation, fast-forwards the scientific maturation of the student. This experi- 
ence also creates opportunities for interdisciplinary research, and doubles 
the number of scientific colleagues and networking contacts." 


DR. MARY J. 
DELONG 
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Clinical research also features on the NIH's list. "The Clinical Research 
Training Program is targeted at medical and dental students who have 
completed clinical parts of their training,” Ognibene says. “It's a one-year 
program to do mentored clinical research. Students are also exposed to a 
formal academic program that teaches them about clinical research." 
Identified as a significant program in the road map prepared by NIH 
director Elias Zerhouni, the program has expanded in the last academic 
year from 15 students to 30 annually. “The idea from the road map is 
strengthening the clinical research pipeline," Ognibene says. “Through 
this early capture mechanism we hope that students who seemingly have 
an interest will pursue careers in clinical research.” 


Postdoctoral Fellowships Finally, NIH offers 
fellowships to postdoctoral students. “They cover sci- 
entists within five years of getting their graduate 
degree,” Schwartz says. "We have about 2,600 fel- 
lows, roughly 1,800 of them foreign nationals, spread 
out across all the institutes. We don't target any spe- 
SE EREDERIEE cific countries, but the reality is that China, Japan, 
OGNIBENE India, South Korea, and Italy have the most fellows." 

The fellowships are nominally three years with extension up to five 
years, although the average stay is three-and-a-half years, and fellows can 
earn senior fellowships lasting three more years if their supervisors want 
them to continue. Gottesman outlines the basic approach to subject mat- 
ter. "We've tried to focus the program around exciting new opportunities, 
interdisciplinary studies, and translational research," he says. 

NIH regards translational research, which focuses on moving results 
and treatments from bench to bedside, as critical enough to warrant a spe- 
cial course. "A lot of the postdoctoral fellows who come in are interested 
in doing that,” Gottesman says. "We're also developing a more formal 
program to include the application of physical science to biomedicine." 
NIH postdocs have other opportunities to move away from convention- 
al research. “If they think they're interested in something other than bench 
science, we provide internship opportunities in science writing, technol- 
ogy transfer, policy studies, or handling grant reviews," Schwartz says. 

And the ultimate goal of the postdoctoral work? "The continuum for 
clinical fellows includes the possibility of increasing independence," 
Gottesman says. “For lab fellows it includes learning how to be a research 
scientist. We don’t want them to leave until they can run their own labs." 

Getting to that stage can cost a great deal of money, as well as sweat 
equity. At this point the Loan Repayment Program comes in. "It provides 
opportunities for young researchers with a lot of student loans to pur- 
sue Careers in research; we can repay their student loans," Johnson says. 
One program applies to scientists who join the NIH staff; their applica- 
tions for loan repayment go through a committee that judges them on 
scientific merit and potential. The program also has an extramural seg- 
ment, to repay loans of scientists working in specified research areas. 

Whether they receive scholarships, fellowships, or loans, scientists 
involved with the NIH Intramural Program gain unique insights into 
the nature of research. As Schwartz puts it, “We offer these people an 
incredibly rich experience." 


A former science editor of Newsweek, Peter Gwynne 


covers science and technology from his base on Cape Cod, Massachusetts, U.S.A. 
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Fraunhofer 


IZI 


Institut 
Zelltherapie und 
Immunologie 


Das Fraunhofer-Institut fur Zelltherapie und Immunolo- 
gie wird ab Oktober 2005 seine Arbeit in der BioCity 
in Leipzig aufnehmen und sucht aus diesem Grund 
wissenschaftliche Mitarbeiter (m/w) als 


Arbeitsgruppenleiter (m/w) 


Das Fraunhofer-Institut 
fur Zelltherapie und 
Immunologie ist eines 
von 58 Instituten der 
Fraunhofer-Gesellschaft. 
Als eine der fuhrenden 
Organisationen fur an- 
gewandte Forschung in 
Europa bietet sie enga- 
gierten Bewerberinnen 
und Bewerbern an- 
spruchsvolle Aufgaben 
mit Verantwortung und 
Gesta/tungsspielraum. 


zur Durchfthrung von Forschungs- und Entwicklungs- 
projekten in den Bereichen Zelltherapie, Transplan- 
tations- und Transfusionsmedizin, Immuntherapie, 
Gewebetherapie (tissue engineering), Immun- und 
Zelldiagnostik, Biosensorik und Prozessentwicklung, 
Zellsteuerung und Gewebezucht, molekulare Bild- 
gebung (Imaging) von Regenerationsprozessen. 


Da wir uns in der Aufbauphase befinden, sollte der/die 
Bewerber/in bereits Uber bewilligte Drittmittel verftigen. 
Dabei setzen wir einschlagige Forschungserfahrung 
nach abgeschlossener Promotion sowie die Fahigkeit 
zur selbststandigen Leitung einer Arbeitsgruppe voraus. 


Im Gegenzug bieten wir Ihnen: 


- Selbststandige Forschungsarbeit, integriert in ein 
wissenschaftliches Netzwerk und eine aufzubauende 
Abteilungsstruktur 

- Einen modernen Arbeitsplatz in einem neugegrtn- 
deten Institut mit eigenem Gestaltungsspielraum 

- Bereitstellung der Laborraume, Basisausstattung, 
Infrastruktur und Zugang zu GMP-Reinstradumen 

- Moglichkeit zur freien personellen Gestaltung der 
Arbeitsgruppe 

- Zugang zur akademischen Lehre und Weiterbildung 

- Vielfaltige Unterstitzung durch eine renommierte 
Forschungsorganisation in Bezug auf Verwaltung, 
Offentlichkeitsarbeit und Projektbetreuung 


Die Fraunhofer-Gesellschaft hat sich die berufliche 
Férderung von Frauen zum Ziel gesetzt und ist daher 
besonders an Bewerbungen von Frauen interessiert. 
Schwerbehinderte werden bei gleicher Qualifikation 
bevorzugt eingestellt. 


Anstellung, Vergttung und Sozialleistungen richten 


sich nach dem Bundes-Angestelltentarifvertrag (BAT-O). 


bzw. dem neuen Tarifvertrag flr den offentlichen 
Dienst (TV6D). Die Stellen sind zunachst auf ca. 2-3 
Jahre (projektgebunden) befristet. Bitte richten Sie Ihre 
Bewerbung mit allen wichtigen Unterlagen (CV, Publi- 
kationsverzeichnis, Drittmittelaufstellung, 2 Referenz- 
schreiben, Forschungsprogramm) unter Angabe der 
Kennziffer IZI-131-05-006 an: 
Fraunhofer-Institut fiir Zelltherapie und 
Immunologie IZI, Deutscher Platz 5, 
04103 Leipzig. 
Fragen zu dieser Position beantwortet gern 
Herr Hark Kemlein-Schiller, 

il: in-schiller@izi.fraunhofer.de 


Director of Research 
with Endowed Chair 


The Department of Surgery 

at The Ohio State University 

Medical Center is seeking 

a tenured full-time faculty 

member at the level of Pro- 
fessor to direct research in the Division of 
Cardiothoracic Surgery. The successful can- 
didate is an MD and/or PhD with substantial 
record of active extramural research funding 
and publications in tissue repair and remodel- 
ing. The position is supported by an endowed 
chair. The successful candidate will function 
in the rich environment of the Davis Heart 
and Lung Research Institute. Candidates 
with proven expertise in the fields of stem 
or progenitor cell biology, imaging or tissue 
engineering applied to heart failure and related 
problems are desirable. This position holds a 
co-appointment in the Biomedical Engineer- 
ing program. 


Applicants should send a resume and a state- 
ment of current research/funding activities 
to the Chair of the Search Committee, 
Professor Chandan K. Sen, Vice Chair- 
man of Research, Department of Surgery, 
Ph: 614-247-7786, 
Fax 614-247-7818. 


The Ohio State University is an Equal 
Opportunity Affirmative Action Employer; 
women, minorities, and individuals with 
disabilities are encouraged to apply. 


EES 
Tenure-track positions are open for 
outstanding individuals to establish research 
programs at Institute of Molecular Biology, 
Academia Sinica, Taipei, Taiwan. 


Applicants should have a Ph. D. degree and 
sufficient postdoctoral experience. 
Individuals with demonstrated records of 
research accomplishments and scientific 
creativity in all areas of molecular and 
cellular biology are strongly encouraged to 
apply. Junior scientists for the level of 
Assistant Research Fellow are most 
favorable. Senior members with excellent 
scientific performance are also welcome. 
Deadline for application is December 31, 
2005. 


Interested individuals should send 
Curriculum Vitae, a description of past 
research accomplishments and future 
research interests, and three letters of 
reference to: 


Director’s Office, c/o Fei Chen 
Institute of Molecular Biology 
Academia Sinica 
Nankang, Taipei 115, Taiwan 


Further information can be obtained from 
Ms Fei Chen at/feichen @ccvax.sinica.edu.tw 
http://www.sinica.edu.tw/imb 


Introducing PIMB 


Innovative Curriculum 


Exceptional Training 


Outstanding Faculty 


For More Information 


The Program in Integrative Molecular Biology 


— 


The University of Pittsburgh is launching the Program in Integrative Molecular Biology 
(PIMB), an innovative new course of Ph.D. training for students with a highly focused and 
developed interest in integrative biology. 


PIMB is designed to quickly immerse students in a challenging research environment and 
mentor them to become independent scientific practitioners with the creative and technical 
skills required to address some of the most important questions in the life sciences. 


Intensive rotations in multiple laboratory + Class size is limited to 6 to 10 students for optimal 
environments with diverse technologies interaction with faculty. 
and scientific disciplines, specialized * Successful applicants will receive financial support 


coursework, integrated career sidhopecibil penis uevbabrabe 

A : The program, which will begin in June 2006, is 
mentoring, a broad choice of advanced designed for completion in approximately four years. 
electives, and training in the ethics of Applications will be received beginning in August 
scientific exploration are among PIMB’s 2005. 
most notable features. 


An outstanding panel of acclaimed scientists with a broad range of investigative approaches 
has been assembled from laboratories across the University of Pittsburgh to serve as the 
faculty for this program. 


Susan G. Amara, Ph.D. Donald B. DeFranco, Ph.D. Jeffrey Lawrence, Ph.D. 
Gerard Apodaca, Ph.D. Susan Gilbert, Ph.D. Patrick S. Moore, M.D., M.P.H. 
Karen Arndt, Ph.D. Paula Grabowski, Ph.D. James M. Pipas, Ph.D. 

Ivet Bahar, Ph.D. Angela M. Gronenborn, Ph.D. William Saunders, Ph.D. 
Jeffrey L. Brodsky, Ph.D. Graham Hatfull, Ph.D. Thomas E. Smithgall, Ph.D. 
Gerard Campbell, Ph.D. Roger W. Hendrix, Ph.D. Linton M. Traub, Ph.D. 

J. Richard Chaillet, M.D., Ph.D. Jeffrey Hildebrand, Ph.D. Ora A. Weisz, Ph.D. 

Yuan Chang, M.D. Neil A. Hukriede, Ph.D. Richard D. Wood, Ph.D. 
Deborah Chapman, Ph.D. Judith H. Klein-Seetharaman, Ph.D. 


Program in Integrative Molecular Biology 


Graduate Office 412-648-8957 
524 Scaife Hall PIMBinfo @ medschool.pitt.ed 
3550 Terrace Street http://www.pimb.pitt.ed 


Pittsburgh, PA 15261 


University of Pittsburgh 
School of Arts and Sciences 
School of Medicine 


ScienceCareers.org 


R&D Systems, a leading manufacturer of biological products 
is committed to advancing biological research by developing and 
commercializing protein- and antibody-based research and diagnostic 
reagents. We have immediate openings for the following positions 
and invite applications from talented and creative individuals. 


Director, Antibody Applications 
This position will lead a team of scientists in the development 
of innovative products for flow cytometry, cell separation, and 
immunohistochemistry applications. The ideal candidate will have 
a Ph.D. in Immunology, or a related discipline, with a proven level 
of expertise in flow cytometry. Excellent interpersonal, written and 
oral communication skills are required. [Job Code: SC/69] 


Technical Writer 
The ability to express scientific and technical information to profes- 
sionals in a clear and succinct manner is essential for this position. 
The successful candidate must possess at Ph.D. degree in the bio- 
logical sciences, or equivalent, with a proven record of high quality 
writing/editing. [Job Code: SC/70] 


Scientist 

Characterize transcription factor antibodies and develop microplate- 
based assays to measure transcription factor activity. A Ph.D. in 
biochemistry, molecular biology, or equivalent with experience in 
signal transduction is required. Applicants with experience in tran- 
scriptional regulation of gene expression are strongly encouraged to 
apply. Excellent organizational and communication skills, as well as 
the ability to interact with multi-disciplinary groups, are essential. 
[Job Code: SC/88] 


Scientist 

Focus on developing new technologies for improving the quality 
and quantity of purified recombinant cytokines and growth factors. 
The ideal candidate should possess a Ph.D. degree in the biologi- 
cal sciences or equivalent with a minimum of 0-5 years experience 
with production, purification and characterization of antibodies and 
proteins. Ability to work independently as well as collaboratively 
with others is required. [Job Code: SC/90] 


Scientist 

This position will manage a small team of scientists in the devel- 
opment of antibody protein array products (e.g. microarrays). The 
preferred candidate must have demonstrated extensive expertise in 
the antibody protein array development. Excellent organizational 
and communication skills, as well as the ability to interact with 
multi-disciplinary groups, are essential. A supervisory background 
is preferred. [Job Code: SC/91] 


Scientist 

Work collaboratively with other scientists to develop research 
reagents for use to advance the understanding of carbohydrate 
modifications in cell biology. The ideal candidate should possess 
a Ph.D. degree in the biological sciences or equivalent and have an 
outstanding record for research achievement in the area of glycobiol- 
ogy. Excellent organizational and communication skills, as well as 
the ability to interact with multi-disciplinary groups, are essential. 
[Job Code: SC/92] 


R&D Systems offers a competitive salary and a comprehensive 
benefits package. Applicaton deadline is November 2, 2005. To 
apply, please forward your resume or curriculum vitae and cover 
letter with the appropriate job code to: 
R&D Systems, Inc. 
Attn: [insert Job Code], HR Dept 

614 McKinley Place NE 

Minneapolis, MN 55413 

E:|hr@RnD 

F: 612-656-4434 


No agencies please. 


EOE/AAE 


uni | eth | zurich 


The University of Zurich and the Swiss Federal Insti- 
oe of Technology invite applications for the position 
° 


Professor in Neuroinformatics 


in the Institute of Neuroinformatics (INI) to comple- 
ment and extend the vigorous research and teaching 
initiatives of this young and growing Institute. 


The intellectual and technological need to under- 
stand biological intelligence at a deep level has en- 
couraged rapid ahh of new research at the inter- 
face between neuroscience, computing and engi- 
neering. The INI fosters this important development 
hich its research, teaching and graduate train- 
ing, and specialist workshop programs. 


The INI is a joint institute of the University of Zurich 
and the Swiss Federal Institute of Technology. INI 
pursues a coordinated research program by multi- 
disciplinary teams composed of about AO biologists, 
physicists, payne loaists engineers and computer 
scientists. These scientists explore the structure and 
function of nervous systems and exploit new devel- 
opments in silicon technology and computers to de- 
velop models and hardware implementations of pro- 
cessing in the nervous system. Their research focus- 
es on sensory and motor interfaces with the world 
and the central processing that leads to behavior. 


Applicants are expected to be internationally recog- 
nized personalities with strong research records. The 
research of the applicant should be directed towards 
the theory and practice of systems integration and 
behavior, with a strong interest in experimental neu- 
roscience. In order to strengthen interdisciplinary re- 
search, the applicant's research interests should 
overlap with existing interests in the INI, and link 
with other institutes of the University of Zurich and 
departments of the Swiss Federal Institute of Tech- 
oy (for example: Biology, Brain Research, Com- 
puter Science, Electrical Engineering, Mathematics 
and Physics). 


Please submit applications with a curriculum vitae 
and a list of publications by November 1, 2005 to 
the Dekan der  Mathematisch-naturwissen- 
schaftlichen Fakultat der Universitat Ziirich, Prof. Dr. 
Peter Trudl, Winterthurerstr. 190, CH-8057 Zurich, 
Switzerland. The application materials should also 
be submitted in a single Word or PDF file to 


jobs@mnt.unizh.ch. 


For additional information see also 


or please contact Prof. 


Kevan Martin, or Rodney Douglas at {kevan | 
rjd}@ini.phys.ethz.ch. 


« 


HOWARD HUGHES MEDICAL INSTITUTE 


Group Leaders at the 
Janelia Farm Research Campus 


We invite applications for 
group leader positions from 
biochemists, biologists, 
chemists, computer scientists, 
engineers, mathematicians, and 
physicists who are passionate 
in their pursuit of important 
problems in basic scientific and 
technical research. 


Application deadline: 
December 1, 2005 


For more information and 
to submit an application: 
www.hhmi.org/ref/janelia/sc 


HHMI 
janelia farm 


research « ampus 


The Howard Hughes Medical Institute is establishing 
the Janelia Farm Research Campus (JFRC) to pursue 
challenging basic biomedical problems. Our focus will 
be on fundamental problems for which future progress 
requires technological innovation. We will promote the 
self-assembly of interdisciplinary teams of scientists who 
seek to break through existing barriers, 

JFRC group leaders will be independent scientists, 
similar to the HHMI investigators based at universities 
and independent research institutes. We invite applica- 
tions from individuals at all career stages. We also welcome 
coordinated applications from groups of individuals. 

JFRC will bring together 24 research groups and 
an extensive program of visiting faculty, supported by 
outstanding core facilities within a unique campus envi- 
ronment in the Washington, D.C., metro area. At JFRC 
we will strongly encourage, facilitate, and value research 
collaboration between groups as a mechanism to enable 
long-range innovative science. 

We have identified two areas that are particularly well 
matched to the JFRC environment: the identification of 
general principles that govern how information is pro- 
cessed by neuronal circuits, using genetic model systems 
in conjunction with imaging, electrophysiological, and 
computational methods; and the development of imaging 
technologies and computational methods for image anal- 
ysis. In addition, we seek applications from any talented 
individuals—from any research background—with inno- 
vative ideas in any area of basic biomedical research. 

All groups will be fully supported by internal fund- 
ing, without extramural grants. Group leaders will have 
no formal teaching duties and minimal administrative 
responsibilities, and they will be expected to be engaged 
in the direct conduct of research and intellectual inter- 
action with their colleagues. Individual research groups 
will be limited to a maximum of six members, comprising 
postdoctoral fellows, graduate students, and technicians. 
JFRC will host conferences, and group leaders will be 
encouraged to organize meetings in their areas of interest. 

JFRC offers a retreat-like 700-acre campus on the 
banks of the Potomac River in northern Virginia, with 
a supportive working environment, including on-site 
child care, health club, and dining facilities, all within 40 
minutes of the cultural amenities of Washington, D.C. 


HHM1 is an equal opportunity employer. Women and members 
of racial and ethnic groups traditionally underrepresented in the 
biomedical sciences are encouraged to apply. 
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ScienceCareers.org 


Breast Cancer Basic 
Science Research 
Associate Professor 


The Cardinal Bernardin Cancer Center of Loyola 
University Medical Center, under the leadership of Drs. 
Patrick J. Stiff as Director and Brian J. Nickoloff as 
Deputy Director, is seeking outstanding candidates to fill 
a faculty position at the Associate Professor level within 
our Breast Cancer Basic Science Program. Candidates 
must have developed an innovative research program, 
and demonstrate a strong publication and funding track 
record. 


This laboratory based program, under the direction of Dr. 
Lucio Miele, is one of the four primary research programs 
within the Cancer Center’s Oncology Institute, and is 
complemented by an established clinical program in this 
area. Areas of research interest include experimental 
therapeutics and target identification, tumor progression 
biology, metastasis/angiogenesis, cancer stem cells and 
hormone and growth factor effects in breast 
carcinogenesis. We are interested in investigators 
addressing these research areas in clinically relevant 
model systems. 


The successful candidate will be expected to develop and 
maintain an independently funded laboratory research 
program as part of the Breast Cancer Basic Science 
program. In addition to a generous start up package and 
laboratory space, the Cardinal Bernardin Cancer Center 
provides a highly interactive research environment, 
including opportunities for translational research in 
association with a strong clinical program in breast 
oncology. 


Located in the west suburbs of Chicago, the 125,000 sq. 
ft. Cancer Center houses both research laboratories and 
outpatient facilities. The Medical Center campus is also 
the site of Loyola University’s Stritch School of Medicine 
and Foster G. McGaw Hospital. Additional information 
about the Oncology Institute can be found online at 


www. luhs.ore/oncinstitute} . 


Interested applicants may send CV, publications list, 
funding history, statement of research interests, and the 
names of three references to: 


LOYOLA Lucio Miele, M.D., Ph.D. 


UNIVERSITY Director, Breast Cancer Basic 


CHICAGO Science Program 
c/o Maggie Storti 


Administrative Assistant 

Cardinal Bernardin Cancer Center 
Loyola University Medical Center 
2160 S. First Avenue 

Maywood, IL 60153 


An Equal Opportunity 
Employer/Educator 


U.S. Environmental Protection Agency 
National Health and Environmental Effects 
3 Research Laboratory 
F Mid-Continent Ecology Division 
an pee Duluth, Minnesota 


The U.S. Environmental Protection Agency (EPA) is recruiting to fill the 
position of Supervisory Biologist/Toxicologist/Environmental Scientist, 
GS-0401/0415/1301-14/15. 


This vacancy is for the Chief of the Ecotoxicology Analysis Research Branch 
at the National Health and Environmental Effects Research Laboratory’s Mid- 
Continent Ecology Division in Duluth, Minnesota. The branch chief provides 
scientific and administrative leadership for the branch, which is engaged in 
environmental toxicological research. Research foci include biologically based 
toxicokinetic and toxicodynamic modeling, species and dose extrapolation, 
chemical bioavailability, mixtures and multiple stressors, avian toxicology, 
population response, contaminated sediments, and other issues relevant to 
the interpreting and predicting the environmental effects of toxic chemicals. 
This branch is a focal point for delivery of ecotoxicology databases and toxi- 
cological modeling approaches to EPA and to the States, Tribes, and other 
partners, and is heavily engaged in providing technical consultation to these 
same entities. Ideal candidates will have strong quantitative/analytic skills in 
biology, toxicology, natural resources, environmental sciences or a closely 
related field, and have demonstrated leadership skills in a research context. 
This position supervises senior scientists, bench scientists, and technicians 
working in interdisciplinary teams. 


, are? Sar, 


This is a permanent, full-time position. U.S. citizenship is required. Candi- 
dates must meet U.S. Office of Personnel Management (OPM) qualifications 
as described in the announcements referenced below. Salary ranges from 
$85,123 to $130,173. A full benefits package, including relocation expenses, 
is included. 


Application instructions are posted at |http://www.usajobs.opm.gov| and 
[nttp://www-epa.goviezhire| 


ttp://www.epa.gov/ezhire| under the titles and announcement numbers: 
Supervisory Biologist/Toxicologist/Environmental Scientist - RTP-DE- 
2005-0150 and RTP-MP-2005-0264. The application deadline is October 
15, 2005. For further information, contact Rena Sawyer at 800-433-9633 or 
sawyer.renaWepa.gov} 


The U.S. EPA is an Equal Opportunity Employer. 


> } The 
sth o ackson 
f) oratory 
FACULTY RECRUITING 


The Jackson Laboratory, an independent, mammalian genetics research institution, 
and an NCldesignated Cancer Center, is engaged in a major research expansion. 
New faculty will be recruited in the following areas: 


¢ Neurobiology 

¢ Cancer Biology 

¢ Reproductive /Developmental Biology 
¢ Immunology/Hematology 

e Metabolic Disease Research 

¢ Computational Biology /Bioinformatics 


We are recruiting scientists at all levels who hold a Ph.D., M.D. or D.V.M., 
completed postdoctoral training, have a record of research excellence and have 
the ability to develop a competitive, independently funded research program, 
taking full advantage of the mouse as a research tool. We also encourage 
applications from scientists with a background in cross-disciplinary approaches. 


The Jackson Laboratory offers a unique scientific research opportunity, including 
excellent collaborative opportunities with our staff of 35 Principal Investigators, 
unparalleled mouse and genetic resources, outstanding scientific support services, 
highly successful Postdoctoral and Predoctoral training programs, and a major 
meeting center, featuring courses and conferences ahteted around the mouse as 
a model for human development and disease. 


For more information, please visit our web site:|www.jax.org. 


Applicants for faculty positions should send a curriculum vitae, 2-3 page statement 
of research interests and plans, and arrange to have three letters of reference sent 
tolfacultyjobs@jax.org] Applications should be mailed to Director's Office, 

The Jackson Taborafory, 600 Main Street, Bar Harbor, Maine 


04609, or email (preferred method):|facultyjobs@jax.org 
Application deadline is October 15, 2005. a 


The Jackson Laboratory is an = 
EOE/AA Employer www. 


WA 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


EPFL invites applications for a tenure track assistant 
professor position to be named jointly between the School 
of Basic Sciences and the School of Engineering. 


The field of research may be broadly defined as physics and 
technology of nanoscale devices. Possible orientations 
include research in IHII-V materials, silicon, or other 


Faculty Position in Physics and 


Technology of Quantum Nanodevices 
at Ecole Polytechnique Fédérale de Lausanne (EPFL) 


and processing facilities present at EPFL. We offer interna- 
tionally competitive salaries and benefits. 


Applications with curriculum vitae, publication list, 
concise statement of research and teaching interests as 
well as the names and addresses (including e-mail) of 
at least five references should be submitted as a single 


materials relevant for nanoscale systems. The new 


PDF file via the website |http://sb.epfl.ch/photonsearch| by 


professor is expected to develop strong interactions with October 15, 2005. 
industry and other research institutions in the field and in 
particular with the National Center of Competence in 
Research in Quantum Photonics (NCCR-QP) established 


with EPFL as the leading house. 


For additional information, please contact Prof. B. Deveaud- 


Plédran in the School of Basic Sciences [benoit.deveaud-| 
or Prof. A. Ionescu in the School of Engi- 
neering or visit the following web 
We seek applicants with an interdisciplinary vision, a strong _ sites: 

record of scientific accomplishments and a commitment 

to excellence in teaching at both the undergraduate and http://nccr-qp.epfl.ch 


graduate levels. Substantial start-up resources will be avail- 


able, in addition to the wide range of characterization tools | EPFL is an equal opportunity employer. 


. 


TWO TENURE-TRACK FACULTY POSITIONS IN MICROBIOLOGY 
UNIVERSITY OF ALASKA FAIRBANKS 


The Department of Biology and Wildlife and the Institute of Arctic Biology at the University of Alaska Fairbanks seek applications for TWO joint tenure- 

track faculty positions in microbiology at the assistant professor level. Applicants must have earned a Ph.D. and postdoctoral and teaching experiences 

are preferred. Successful applicants for both positions will be expected to establish independent and externally funded research programs. Teaching duties 
will be two courses per year. We seek microbiologists with a background in either of the following two areas: 

(1) Applicants working on microorganisms, preferably prokaryotes, with research interests in molecular biology, ecology, biogeochemistry, or 
digestive physiology. We expect this hire to develop a research program relevant to high-latitude biology. Teaching duties could include an 
undergraduate general microbiology course and opportunities at the advanced undergraduate/graduate level. Please reference PCN # 204206/ 
REQ # FF204206-01. 

(2) Applicants working on infectious agents, particularly those causing zoonotic diseases. Preference will be for applicants with research interests 
relevant to biomedical research. Teaching duties could include an undergraduate microbiology or an infectious disease course and opportunities at 
the advanced undergraduate/graduate level. Please reference PCN # 247945/REQ # FF247945-01. 


Field and laboratory facilities include the DNA and Proteomic Core Facility, the Alaska Stable Isotope Facility, a new animal research facility, the R.G. 
White Large Animal Research Station, Toolik Field Station, Bonanza Creek LTER site, and instrument facilities that house transmission and scanning 
electron microscopes, a confocal microscope, and a FACS Aria flow cytometer. Our Bioinformatics Program provides access to the Arctic Region 
Supercomputing Center. A State of Alaska Public Health Diagnostic Laboratory is adjacent to the Institute of Arctic Biology. The Biology and Wildlife 
Department and the Institute of Arctic Biology have approximately 50 faculty, 20 postdoctoral fellows, and 300 undergraduate and 120 graduate students, 
including 40 Ph.D. students. 


Applicants are encouraged to consult the Institute/Departmental websites and faculty profiles at]http://mercury.bio.uaf.edu] Applications will be reviewed 


starting 6 October 2005. Please provide a signed application form (ittp://www.alaska.edu/hr/forms/PDF ent/applicant form _ent.pdf), cover letter, 
curriculum vitae, statements of teaching and research interests, letters from three references and submit to: Terry Chapin, C/O UAF Human Resources, 
P.O. Box 757860, Fairbanks, Alaska 99775-7860, Phone (907) 474-7700, Fax (907) 474-5859. If you have specific questions about this announcement, 


please contact Terry Chapin at (907) 474-7922, |terry.chapin@uaf.edu] 


The University of Alaska Fairbanks is an Equal Opportunity/Affirmative Action Employer and Educational Institution. 
Women, protected, and minority applicants are encouraged to apply. 
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ScienceCareers.org 


Research Faculty 
Positions in 
Thoracic Oncology 


The Cardinal Bernardin Cancer Center of Loyola 
University Medical Center, is seeking outstanding 
candidates to fill faculty positions at the Assistant or 
Associate Professor level within our Thoracic Oncology 
Program. We are seeking candidates with expertise in the 
areas of molecular epidemiology, genetic linkage analyses, 
and molecular biology/immunology. Candidates must 
have developed an innovative research program and 
publication track record. 


This laboratory based program, under the direction of Dr. 
Michele Carbone, is one of the four primary research 
programs within the Cancer Center’s Oncology Institute, 
and is complemented by an established clinical program 
in this area. The Thoracic Oncology Program studies 
how environmental carcinogens, biological carcinogens, 
and genetics interact in the pathogenesis of lung cancer, 
mesothelioma, and other thoracic malignancies. 


The successful candidates will be expected to develop 
and maintain independently funded (NIH/NCI) 
laboratory research programs, as part of the Thoracic 
Oncology Program. In addition to a generous start up 
package and laboratory space, the Cardinal Bernardin 
Cancer Center provides a collegial, highly interactive, 
and friendly research environment, with opportunities for 
translational research with a strong clinical program. 
Funded investigators will be given preference, though 
promising unfunded researchers will be considered. 


The Medical Center campus, located just west of 
Chicago, is comprised of Loyola University’s Stritch 
School of Medicine and related inpatient and outpatient 
facilities. The 125,000 sq. ft. Cancer Center houses both 
research laboratories and outpatient clinics. Additional 
information about the Oncology Institute can be found 


online at}www.luhs.org/oncinstitute}. 


Interested applicants may send CV, publications list, 
funding history, statement of research interests, and the 
names of three references to: 


Michele Carbone, M.D., Ph.D. 
LOYOLA Director, Thoracic Oncology Program 
UNIVERSITY c/o Maggie Storti 
CHICAGO Administrative Assistant 


Cardinal Bernardin Cancer Center 


: Loyola University Medical Center 
2160 S. First Avenue 


Peng. ge Maywood, IL 60153 


An Equal Opportunity 
Employer/Educator 


MICHIGAN STATE 
UNIVERSITY 


Environmental Microbiology Faculty Position 
Department of Microbiology and Molecular Genetics 


The Department of Microbiology and Molecular Genetics at Michigan State 
University seeks applications for an academic-year, tenure-track Assistant or 
Associate Professor position in Environmental Microbiology. The position 
will be jointly administered by the Department of Crop and Soil Science. 
Areas of interest include environmental genomics, community dynamics, 
microbial interactions, computational approaches to understanding micro- 
bial diversity, extremophiles, or the molecular basis of ecophysiology. 
A doctoral degree and a minimum of two years of postdoctoral research 
experience are required. The successful candidate will join a department 
with strong basic research programs in environmental microbiology as well 
as microbial ecology, physiology, genetics and evolution. The Department 
has close collaborative relationships with the Center for Microbial Ecology. 
The successful applicant will be expected to establish an extramurally funded 
research program, mentor graduate students, and interact collaboratively 
with other faculty in the Department and University. The Biomedical and 
Physical Sciences Building, in which the Department is located, offers state- 
of-the-art research, library and teaching facilities. Other important facilities 
include the NSF-funded Long Term Ecological Research Network at Kellogg 
Biological Station. Further information on the Department is available at 


www.mmg.msu.edu 


Responsibilities may begin on or before August 2006. Salary will be com- 
mensurate with experience. Applicants should submit a letter of application, 
curriculum vitae, statement of research goals, copies of pertinent reprints and 
contact information (address, e-mail and phone) for three referees to: Envi- 
ronmental Microbiology Search Committee Chair, Dept of Microbiology 
and Molecular Genetics, 2209 Biomedical and Physical Sciences Building, 
Michigan State University, East Lansing, MI 48824. Applications may be 


submitted electronically to [mmgchair@msu.edu] For full consideration, 
applications should be received by September 30, 2005. 


Michigan State University is an Equal Opportunity Employer. 
Women and minority candidates are encouraged to apply. 


Immunology Career Scientist 
(Assistant Professor/ 
Associate Professor/Professor) 


Rochester, Minnesota 


The Department of Immunology of the Mayo Clinic College of Medicine 

seeks an independent investigator (Ph.D., M.D., or equivalent) to develop an 
internationally competitive and extramurally funded research program studying 
basic immunologic mechanisms in one or more of the following areas: cancer, 
clinical immunology, transplantation, or infectious diseases. The Department 
of Immunology at Mayo Clinic includes 18 independent investigators, 
outstanding NIH-funded Ph.D. and M.D./Ph.D. training programs, and an 
interactive, collaborative environment. We are seeking a colleague with 
strong interests in supporting our education programs and in contributing to 
our collaborative efforts to translate the advances of modern biology to the 
treatment of patients. Competitive start-up support and sustained intramural 
funding will be provided to this new research program. 


To learn more about Mayo Clinic and Rochester, MN, please visit 


ww.mayoclinic.org 


Applicants should send their curriculum vitae, a description of research focus, 
and the names of five references to: 


Larry R. Pease, Ph.D. 
Professor and Chair 
Department of Immunology 
Mayo Clinic College of Medicine 
Mayo Clinic 

200 1st Street SW 

Rochester, MN 55905 


Mayo Foundation is an affirmative action and equal opportunity educator and 
employer. Post offer/pre-employment drug screening is required. 


ml 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


The EPFL invites applications for a tenure-track 
assistant professorship in theoretical high-energy 
physics. Experienced candidates seeking a higher- 


level position may be considered. 


We seek outstanding scientists with interests in parti- 
cle cosmology, physics beyond the standard model, 
and particle phenomenology. 


The successful candidate will establish and lead a vig- 
orous, independent research program, interact with 
existing projects in particle physics and cosmology, 
and be committed to excellence in teaching at both 
the undergraduate and graduate levels. Significant 
start-up resources and research infrastructure will be 
available. 


Faculty Position in 


Theoretical High-Energy Physics 


at Ecole Polytechnique Fédérale de Lausanne (EPFL) 


We offer international competitive salaries and 
benefits. 


Applications including a curriculum vitae, publica- 
tion list, concise statement of research and teaching 
interests as well as the names and addresses 

(including email) of at least five references should 
be submitted in PDF format via the website 


http://sb.epfl.ch/partphyssearch|by December 15, 2005. 


For additional information, please contact Professor 


M. Shaposhnikov |(mikhail.shaposhnikov@epfl.ch) 
or consult the following websites:|http://sb.epfl.ch/en 
and|http://www.epfl.ch/Eplace.html 


The EPFL is an equal opportunity employer. 
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. . Work that matters. 
“Our work is more than a job, 


it's a career of mission-focused investigation.” The CNA Corporation is a non-profit institution that 


operates on the principle of conducting impartial, 
accurate, actionable research and analysis to inform 
the important work of public sector leaders. 


Krystal Williams, Research Analyst, 
M.S., Applied Mathematics 
Bradford Ng, Research Analyst. 
Ph.D., Chemistry 


It’s work that matters, and that reflects a commitment 


: to serve the public’s interests and the common good. 
Kathleen Ward, Research Analyst, 


Ph.D., Physiology and Biophysics -_ : 
We offer career opportunities for people with degrees 


in engineering, mathematics, economics, physics, 
chemistry, international relations, national security, 
history, and many other scientific and professional 
fields of study. 


Diverse views, objectivity, imaginative techniques, 
process driven, results oriented — committed to the 
common good. Join us. 


The CNA Corporation 


Research that works, for work that matters 


w.cna.org 


Vice Chief of Cardiovascular Research 


The Duke University Medical Center Division of Cardiovascular Medicine 
is searching for an active, established basic or translational investigator to 
build a research program in fundamental mechanisms of cardiovascular 
disease. This position will lead a growing group of investigators in a well 
funded academic division that is part of an enterprise dedicated to high 
quality research in genetics, genomics, molecular physiology, and biol- 
ogy of a variety of cardiovascular disorders. This senior faculty member 
will serve as a key member of the Division’s leadership team and provide 
oversight for the group’s research operations and budget. Specifically, in 
addition to growing his/her own research agenda, the Vice Chief will be 
responsible for setting research priorities, identifying strategic faculty 
recruitment opportunities, and addressing space and equipment needs of 
the existing faculty. A focus should be placed on establishing core labs 
for use by all Division scientists, identifying opportunities for collabora- 
tion across the medical center, and mentoring junior faculty members 
and trainees. 


University of California, Davis 
College of Biological Sciences 


FACULTY POSITION 
Section of Molecular and Cellular Biology 


ScienceCareers.org 


The Section of Molecular and Cellular Biology at the University of 
California, Davis, invites applications for a tenure-track position at the 
ASSISTANT PROFESSOR level. Candidates must have a Ph.D. (or 
equivalent) and an outstanding record of research achievement. The 
successful candidate is expected to develop a strong research program 
in the general area of biochemistry and to contribute to the teaching 
mission of the Section. Areas of interest include, but are not limited 
to, mechanistic enzymology, chemical biology and genetics, metabolic 
regulation and single molecule imaging. 


As a member of the Duke University Medical Center Division of Car- 
diovascular Medicine, this new faculty member will have access to state- 
of-the-art laboratory facilities and equipment and be closely involved in 
the selection and training of fellows interested in basic and translational 


Candidates should submit a curriculum vitae, a 1-2 page summary of 
research careers. 


research accomplishments, a 1-2 page description of future research 
plans, copies of up to three publications, and a statement of teaching 
experience and/or interest online at[;www.mcb.ucdavis.edu] Candidates 
should also arrange for three to five letters of recommendation to be 
submitted online or sent by mail to: Faculty Search Committee, Section 
of Molecular and Cellular Biology, One Shields Avenue, University 
of California, Davis, CA 95616. Closing date: open until filled although 
to assure full consideration, applications should be received prior to 
November 1, 2005. 


To learn more about this opportunity, email your CV to the attention of 
Kathy Hay at the contact information shown. 


Duke University Medical Center 
Division of Cardiovascular Medicine 
Attention Kathy Hay 
DUMC Box 3382 
Durham, NC 27710 


919-668-6210 (phone) The University of California, Davis, is an Equal Opportunity/ 


919-668-6202 (fax) 


Affirmative Action Employer which encourages women and 


Assistant Professor 
Molecular Medicine - 04288 


Located in Ithaca, N.Y., Cornell University is a bold, innovative, inclusive 
and dynamic teaching and research university where staff, faculty, and 
students alike are challenged to make an enduring contribution to the 
betterment of humanity. 


The Department of Molecular Medicine 
invites applications for a tenure-track faculty position at the 
level of Assistant Professor. This position is part of a campus-wide and 
di i d the New Life Sciences Initiative 
nitiative.php). To strengthen our current 
departmental research programs in signaling systems, cancer cell biology, 
trafficking and exocytosis, and receptor and ion channel mechanisms, we 
seek candidates studying signal transduction by molecular, cellular, 
biochemical, physical, or other contemporary approaches. We are 
particularly interested in candidates who use innovative and 
interdisciplinary approaches and who study the basic signaling 
mechanisms relevant to cancer or other disease processes. The successful 
candidate is expected to develop a strong and independent research 
program and contribute to the teaching activities of the Department. 


Candidates are required to have a Ph.D., DVM, MD, or equivalent degree, be 
firmly committed to an academic career, have a track record of excellence in 
research, and an outstanding or potentially outstanding research program. 
Salary will be commensurate with qualifications and experience. 

Women and minorities are strongly encouraged to apply. Please send 
curriculum vitae, a brief description of current and future research 
interests, and arrange for three letters of recommendation to be sent to 
Search Committee Chair, c/o Ms. Debbie Crane, Department of 


Molecular Medicine, College of Veterinary Medicine, Cornell 
dac20@cornell.edu 


Review of applications will begin November 1 
and will continue until the position is filled. 


Cornell University 


Cornell University is an Affirmative Action/ 
Equal Opportunity, Employer and Educator 


http://chronicle.com/jobs/profiles/2377.htm 


CSIRO Plant Industry, 
Canberra Australia 


Research Scientist 
- Wheat Quality 


$A76K - SA90K + Superannuation 
Ref: 2005/810 


We require an experienced scientist to lead a program of research aimed 
at defining the relationships between cereal grain composition and 
constituents, and the processing and end-use properties of foods and 
materials made from cereal flour. The overall objective of the team is 
to define the genetic basis of cereal quality attributes and to deliver to 
industry the improved grains, and methods for measuring grain 
quality, that assist the industry to maintain and enhance the value of crops. 
The successful applicant will have a PhD and an international track 
record in one or more of the following areas; quantitative genetics, 
cereal genetics, cereal quality research, or a related discipline. They 
will find working in an interdisciplinary area stimulating, and will be 
experienced and capable of working across disciplines and 
organisation boundaries. They will be experienced in meeting both 
scientific and industry objectives, and will be able to lead, motivate 
and inspire scientific and technical staff. 


This position is for a term of 5 years. 


(THIS ADVERTISEMENT IS NOT RESTRICTED TO 
AUSTRALIAN APPLICANTS ONLY.) 


minorities to apply. 


CSIRO 


For selection documentation and details on how to apply visit 


www.csiro.au/careers 
Alternatively contact 1300 301 509 


Australian Science, Australia’s Future 


me 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


The EPFL anticipates making several faculty appoint- 
ments at the level tenure-track assistant professor in 
physics. Outstanding scientists with recognized ac- 
complishments in any field of experimental or theo- 
retical physics will be considered. We particularly en- 
courage applications in the fields of theoretical and ex- 
perimental quantum photonics, condensed matter 
physics and biophysics. Experienced candidates seek- 


ing a higher-level position may be considered. 


The successful candidate will establish and lead a 
vigorous, independent research program, interact with 
existing projects and be committed to excellence in 


teaching at both the undergraduate and graduate lev- 


Faculty Positions in Physics 


at Ecole Polytechnique Fédérale de Lausanne (EPFL) 


We offer internationally competitive salaries and 


benefits. 


Applications including a curriculum vitae, publication 
list, concise statement of research and teaching inter- 
ests as well as the names and addresses 

(including email) of at least five references should 
be submitted as a single PDF via the website 


http://sb.epfl.ch/physearch|by October 15, 2005. 


For additional information, please contact Professor 


Jean-Jacques Meister |jean-jacques.meister@epfl.c 


or visit the following websites: 


http://sb.epfl.ch/en] http://www.epfl.ch/Eplace.html 


els. Significant start-up resources and research 


infrastructure will be available. 


The EPFL is an equal opportunity employer. 


Assistant Professor 
Microbiology 
University of Washington 


The Department of Microbiology is con- 
ducting a search for an Assistant Professor 
whose research interests employ the power 
and logic of genetics to address complex 
microbiological problems. The position 
is a 12-month tenure track position in the 
School of Medicine. In addition to research, 
all University of Washington faculty engage 
in teaching and service. Possible research 
areas include, but are not limited to, bacterial 
development, phage biology, microbial evolu- 
tion, host-microbe interactions, chromosome 
mechanics, and regulatory mechanisms. 


Applicants with a minimum of two years 
postdoctoral experience should send their 
CV, a statement of up to two pages of 
research interests, and names and contact 
information for three letters of reference to: 
Chair, Search Committee, Department of 
Microbiology, Box 357242, University of 
Washington, 1959 NE Pacific St., Seattle, 
WA 98195. Application deadline: November 
1, 2005. Salary and benefits are competitive 
and commensurate with qualifications and 
experience. 


The University of Washington is an Affirma- 
tive Action, Equal Opportunity Employer 
and is building a culturally diverse faculty. 
Applications from female and minority 
candidates are strongly encouraged. 


THE AMERICAN 
UNIVERSITY IN CAIRO 


Founded in 1919, AUC’s campus is currently located in Cairo, Egypt, but will be moving to 
a new, state-of-the-art campus in New Cairo beginning Fall Semester, 2007 (see the New 
Campus website at www.aucegypt.edu/ncd/New%20Campus.html). AUC’s degree programs 
are accredited by the Commission on Higher Education of the Middle States Association of 
Colleges and Schools. For more information see our website i SET RE One- two- or 
three-year appointments subject to mutual agreement will begin September 2006. Renewal of an 
appointment depends upon institutional needs andlor the appointee’s performance. The normal 
teaching load is three courses per semester and English is the language of instruction. Salary and 
rank are according to scale based on qualifications and professional experience. For expatriates, 
benefits include housing, annual round-trip air travel for appointee and qualifying dependents, 
plus schooling for the equivalent of up to two children at Cairo American College. In view of AUC's 
protocol agreement with the Egyptian Government, which requires specific proportions of 
Egyptian, U.S., and third-country citizen faculty, at this time preference will be given to qualified 
applicants who are U.S. citizens. 


Department of Biology 


The Department of Biology anticipates one vacancy. The successful candidate will teach in the 
Undergraduate Program. 


Comparative Anatomist. Successful candidate must be able to teach Comparative Vertebrate 
Anatomy, Physiology and Developmental Biology. Candidates with experience in applied 
Quantitative Biology are highly encouraged. Candidates are also expected to teach introductory 
level courses in general biology for science and non-science majors. 

APPLICATION INSTRUCTIONS: E-mail a letter of intent specifying Position # BIOL #1 with 
a current C.V. to|facultyaffairs@aucnyo.eduland arrange to have three letters of recommendation 


and transcripts mailed to: 


Dr. Earl (Tim) Sullivan, Provost 
American University in Cairo 
420 Fifth Avenue, FI. 3 

New York, N.Y. 10018-2729 


For full consideration, candidates must also complete the Personnel Information Form 
provided at|http: pt.edu/provost/pif3.html] Deadline for 
applications 1s November 30th. 


The American University in Cairo is an equal opportunity employer. 
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8) DUQUESNE UNIVERSITY 


CHAIR OF BIOLOGICAL SCIENCES 


The Bayer School of Natural and Environmental Sciences invites applications 
and nominations for the position of Professor and Chair of the Department of 
Biological Sciences. Our collegial and dynamic department currently has 14 
research faculty, 3 teaching faculty, and 45 graduate students, and over 270 
undergraduate Biology majors. Faculty research interests are in the areas of cellular 
and molecular biology, microbiology, cellular and systems physiology, genetics, 
and evolution. The Department offers B.S., M.S., and Ph.D. programs with a 
strong emphasis on research. Additional information regarding our programs 
and this position can be found at the Department’s|(www.science.dug.edu/biology/| 
and the Bayer School’s Web sites|(www.science.dug.edu). 


We are seeking an accomplished scientist with imagination and energy, as well 
as the leadership ability to enable us to continue strengthening our educational 
and research programs. The preferred candidate will have an excellent record 
of publication and extramural support, a commitment to education, and strong 
leadership skills. The University’s strategic plan identifies biotechnology as a 
particular focus area for development. The successful candidate will therefore be 
expected to collaborate with the endowed Edward Fritzky Chair in Biotechnology 
Leadership and to foster interactions within the University community and with 
the burgeoning biotechnology initiatives in the Pittsburgh area. Salary will be 
commensurate with qualifications and experience. Review of applicants will 
begin September 26 and will continue until the position is filled. 


Applicants should submit a letter of interest, curriculum vitae, and a list of three 
references to: 
Dr. Jana Patton-Vogt, Chair Search Committee 
Department of Biological Sciences 
Duquesne University 
Pittsburgh, PA 15282 


Founded and sponsored by the Holy Spirit Fathers in 1878, Duquesne University 
is Catholic in mission and ecumenical in spirit. The University values equality 
of opportunity both as an educational institution and as an employer. 


OVERCOMING 


INFECTIOUS DISEASES 


VaxGen Inc. is a biopharmaceutical company focused on the development, 
manufacture and commercialization of biologic products for the prevention and 
treatment of human infectious disease. Our business strategy emphasizes the 
development & commercialization of vaccine candidates for the prevention of 
potential bioterrorism threats, specifically anthrax and smallpox. 


Senior Manager/Director QA 
Quality Systems/Operations 
South San Francisco, CA 


We have a great opportunity for an experienced QA professional to coordinate 
QA activities relating to GMP manufacturing and control operations at the VaxGen 
Manufacturing Facility (VMF) in South San Francisco and at contract manufacturing 
facilities. Specifically, you will ensure compliance with GMPs; direct/coordinate QA 
‘person-in-the-plant’ activities at CMOs; provide strategic input to senior 
management; hire/supervise QA staff; and ensure the timely resolution of 
deviations and investigations related to manufacturing & control operations. 
Requires a BA/BS/MS in a related scientific discipline; 8-5 years of experience in 
a GMP-regulated industrial setting; and experience with the development, 
implementation and management of quality systems/programs in support of 
pharmaceutical manufacturing for biologics/biotechnology products/vaccines. 


VaxGen offers full benefits and a competitive salary package. To apply, please 


reference Job Code EBQA-SCI and email your resume to: 
(text only), or FAX: (650) 624-4782. No phone calls please. EOE 


VaxGen— 


View complete job description at: 


| ss lwww.VaxGen.com| 


ETH 


Eidgendssische Technische Hochschule Ziirich 
Swiss Federal Institute of Technology Zurich 


Assistant Professor in 
Neural Stem Cell Biology 


The Neuroscience Center Zurich, located at the University of 
Zurich and the Swiss Federal Institute of Technology Zurich 
(ETH), seeks applications for the position of an Assistant 
Professor (6 years) in Neural Stem Cell Biology. This assistant 
professorship has been established to promote the careers 
of younger scientists. 


The successful candidate is expected to develop an 
internationally recognized line of research and should have 
an avid interest in both, basic science and applied research 
on neural stem cells. The new professor will be located at the 
Institute of Cell Biology, Department of Biology, ETH Zurich. 
He or she will benefit from the excellent general infrastructure 
of the Institute and the Department of Biology, as well as from 
the ample opportunities within the Neuroscience Center Zurich 
and Life Science Zurich. He or she will also be integrated in 
the teaching program of the Institute of Cell Biology and the 
Neuroscience Center at the undergraduate and graduate 
levels. 


Please submit your application together with curriculum vitae, 
list of publications, and research plan to the President of 
ETH Zurich, Prof. Dr. O. Kubler, ETH Zentrum, CH-8092 
Zurich, no later than October 31, 2005. The National 
Center of Neuroscience specifically encourages female 
candidates to apply with a view towards increasing the 
proportion of female professors. 


FAcutty Position IN VERTEBRATE BioLocy (ZEBRAFISH) 
Department of Biology 
Indiana University, Bloomington 


The Department of Biology invites applications for a tenure-track faculty 
position working with zebrafish. Well-qualified candidates at both assistant 
professor and senior ranks will be considered. We seek candidates with 
research interests in any of several areas: developmental biology, neuro- 
biology, behavior, or evolutionary-developmental biology. 


This position is part of a major expansion of IU-Bloomington’s life sci- 
ences. The expansion includes construction of two major research build- 
ings, anew NSF IGERT program in genomics, evolution and development, 
new program initiatives including METACYyt, a $53 million dollar project 
in molecular and cellular life sciences, a program in human biology, and 
hires in microbiology, biochemistry, cell and developmental biology, 
molecular evolution, and ecology. 


The successful candidate will be provided with a competitive start-up 
package, including a new zebrafish facility currently under construction 
that will support two faculty. The candidate will be expected to establish a 
vigorous externally funded research program and to participate in teaching 
undergraduate and graduate courses. For information about the Biology 
Department and for links to the campus and the Bloomington community, 


see: |http://www.bio.indiana.edu| 


Candidates should send a curriculum vitae, a statement of research, and 
representative publications, and arrange to have three (or more) letters 
of recommendation sent to: Prof. Rudolf Raff, Vertebrate Biology 
Faculty Search, Department of Biology, Indiana University, Myers 
Hall 150, 915 E. Third Street, Bloomington, IN 47405-7107. Review of 
applications will begin October 31, 2005 and will continue until suitable 
candidates are identified. 


Indiana University is an Affirmative Action/Equal Opportunity 
Employer. Women and minority candidates are encouraged to apply. 


A 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


The EPFL anticipates making several faculty ap- 
pointments in its Institute of Chemical Sciences 
and Engineering (ISIC). Outstanding scientists 
with recognized accomplishments in any field 
of chemistry will be considered. We particularly 
encourage applications in the field of synthetic 
organic chemistry. Appointments may be consid- 
ered at all levels (Assistant/Associate/Full). 


The successful candidate will establish and lead a 
vigorous, independent research program, interact 
with existing projects and be committed to excel- 
lence in teaching at both the undergraduate and 


graduate levels. Significant start-up resources and 


Faculty Positions in Chemistry 
at Ecole Polytechnique Fédérale de Lausanne (EPFL) 


Applications including curriculum vitae, publica- 
tion list, concise statement of research and teach- 
ing interests as well as the names and addresses 
(including email) of at least five references should 
be submitted in PDF format via the website 


http://sb.epfl.ch/chemsearch|by October 15, 2005. 


For additional information, please contact Professor 
Hubert Girault|(hubert.girault@epfl.ch)) or con- 
sult the following websites: 
http://www.epfl.ch/Eplace.html 
http://sb.epfl.ch/en| and 
http://isic.epfl.ch/index.html 


research infrastructure will be available. 


The EPFL is an equal opportunity employer. 


Director, Papé Pediatric 
Research Institute 


Oregon Health & Science 
University 


The Department of Pediatrics at OHSU is 
seeking physician scientist candidates for 
Director of the Papé Pediatric Research 
Institute. Applicants should have an 
established record of outstanding 
achievement in fundamental or 
translational research relevant to 
Pediatrics, a strong vision for developing 
a multi-disciplinary interactive scientific 
program, and a commitment to mentor 
junior investigators. 


The Institute will occupy new research 
space adjacent to basic science and 
clinical departments. Substantial start-up 
funds will be available to support the 
successful candidate’s research and for 
additional faculty-level recruitments. 
Applicants should send curriculum vitae 
and names and addresses of four 
references by November 15, 2005 to: 


Peter Rotwein 
Professor and Chair 
Biochemistry & Molecular Biology 
Oregon Health & Science University 
3181 SW Sam Jackson Park Road 
Mail code L224 
Portland, Oregon 97239-3098 


OHSU is an Affirmative Action/Equal Opportunity 
Employer 


(fh) Sandia National Laboratories 


A Department of Energy National Laboratory 


Harry S. Truman Research Fellowship 
In National Security Science and Engineering 


Sandia is one of the country’s largest research facilities employing nearly 8,600 people at major facilities in Albuquerque, New Mexico and 


Livermore, California, Please visit our website atiwww.sandia.gov] 


We are searching for outstanding Ph.D. candidates to apply for the Harry S. Truman Research Fellowship in National Security Science and 
Engineering. This initial one-year appointment may be extended, at management's discretion, for two additional one-year appoint- 
ments. The salary is $94,200 per year. This position requires a United States Department of Energy Security Clearance, which requires 
United States Citizenship. 


The Truman Fellowship provides the opportunity for recipients to pursue independent research of their choosing that supports the 
national security mission of Sandia National Laboratories. Candidates are expected to have solved a major scientific or engineering 
problem in their thesis work or will have provided a new approach or insight to a major problem, as evidenced by a recognized impact 
in their field. 


Candidates should have a Ph.D. within the past 3 years or will complete all Ph.D. requirements by commencement of appointment with a 
broad-based background and extensive knowledge of research in one or more of the following areas: Biotechnology; Chemical and Earth 
Sciences; Computing; Mathematics and Information Sciences; Electronics and Photonics; Microsystems and Engineering Sciences; Manu- 
facturing Science and Technology; Materials Sciences, Pulsed Power/Directed Energy; and Robotics and Intelligent Systems. Candidates 
must be seeking their first national laboratory appointment, have excellent academic and research qualifications, good communication 
skills and enjoy working in a team-oriented, dynamic environment. 


For complete instructions, please visit Please submit the complete 
package to: Roberta Rivera, Sandia National Laboratories, P.O. Box 5800 MS: 1351, Albuquerque, New Mexico 87185-1351, or email 


rjriver@sandia.gov, or fax 505-844-1228. Please reference: #052686. All materials must be received by December 5, 2005. 


LOCKHEED waar 


U.S. Citizenship Required. Equal Opportunity Employer. M/F/D/V. 
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POSITIONS OPEN 


JA 
UNIVERSITY OF ALASKA 


FAIRBANKS 


FACULTY POSITION, ANALYTICAL 
CHEMISTRY 


The University of Alaska Fairbanks (UAF) Depart- 
ment of Chemistry and Biochemistry invites applica- 
tions for a tenure-track position at the ASSISTANT 
or ASSOCIATE PROFESSOR level in the area of 
analytical chemistry. Teaching duties include under- 
graduate and graduate courses in analytical chemis- 
try, and advanced courses in the candidate’s field of 
expertise. The candidate is expected to establish an 
externally funded research program in an area 
related to analytical chemistry with an emphasis on 
environmental and/or biochemical applications. The 
candidate is expected to mentor graduate and un- 
dergraduate students in research projects. A Ph.D. in 
chemistry or related discipline is required, post- 
doctoral experience is highly preferred. For informa- 
tion about the Department of Chemistry and 
Biochemistry at the University of Alaska Fairbanks, 
please visit website: 
To apply, send a letter of interest, curriculum vitae, 
graduate and undergraduate transcripts, description 
of research plan, a statement of teaching philosophy, 
and at least three letters of reference to: William R. 
Simpson, Search Committee Chair, Human Re- 
sources, University of Alaska Fairbanks, P.O. 
Box 757860 Fairbanks, AK 99775-7860. Review 
of applications begins on November 15, 2005. The 
candidate must also_complete the UAF application 
found _at_website: 
The University of 
Alaska is an Equal Opportunity /Affirmative Action Employer 
and Educational Institution. Minorities and women are en- 
couraged to apply. 


CHAIR, DEPARTMENT OF BIOLOGY 
Emory University 


The Department of Biology in Emory College of 
Emory University invites applications for the posi- 
tion of Department Chair and Professor of Biology. 
Emory is an internationally known research uni- 
versity and will soon begin a comprehensive fund- 
raising campaign to strengthen its research and 
teaching programs. The Biology Department is 
currently composed of 23 tenure-track faculty and 
seven senior lecturers and lecturers. The successful 
candidate for this position will have a distinguished 
record of extramurally funded research and schol- 
arly activity sufficient to merit appointment at the 
rank of tenured FULL PROFESSOR in Emory 
College. Applicants must have a doctoral degree or 
its equivalent in biology, or other appropriate dis- 
cipline and should have a research focus in one of 
the three areas of research strengths in the Depart- 
ment: population biology, ecology, and evolution; 
computational neuroscience; genetics, cell, and 
developmental biology. Applicants should have 
excellent communication, leadership, and adminis- 
trative skills and should have a strong commitment 
to undergraduate and graduate teaching. The suc- 
cessful candidate will oversee the continued growth 
of the Department via the hiring of new faculty, the 
development of the undergraduate curriculum, and 
the possible reconfiguration of the departmental 
graduate program. 

Please submit a cover letter, curriculum vitae, state- 
ment of research interests, experience, and future 
plans, teaching philosophy, and departmental lead- 
ership philosophy. Materials should be submitted 
to: Chair, Search Committee, Department of 
Biology, 1510 Clifton Road, Emory University, 
Atlanta, GA 30322. Documents may be sub- 
mitted electronically to e-mail: [george.h.jones@ 
The review of applications will begin in 
mid-September 2005 and will continue until a 
suitable candidate is identified. Please visit the de- 
partmental website: |http:77www. biology.emory,] 
[edu]to learn more about biology at Emory. Emory 
University is an Equal Opportunity Employer. 
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POSITIONS OPEN 


FACULTY POSITIONS, SYSTEMS 
BIOLOGY/MICROBIOLOGY 
Department of Biology and 
Biocomplexity Institute 
Indiana University, Bloomington 


The Department of Biology and the Biocomplex- 
ity Institute invite applications for two tenure-track 
faculty positions in experimental and/or computa- 
tional systems biology. We anticipate an appoint- 
ment at the ASSISTANT PROFESSOR level, but 
outstanding SENIOR-level candidates will also be 
considered. We will be especially interested in in- 
dividuals whose research will enhance our current 
strengths in: (1) mechanisms of bacterial cell func- 
tion, (2) cell differentiation and developmental bi- 
ology, and (3) biomolecular networks, including 
signaling, gene regulatory, and metabolic networks. 

The successful candidate will have strong in- 
terdisciplinary interests and will benefit from op- 
portunities to collaborate with scientists in the 
Departments of Biology, Medical Sciences, Physics, 
Chemistry, Mathematics, the School of Informat- 
ics, the Center for Genomics and Bioinformatics, 
and the Biocomplexity Institute. While his/her 
primary appointment will be in the Department of 
Biology, joint appointments with other departments 
are possible. 

This position is part of a major expansion of 
Indiana University (IU)-Bloomington’s research 
efforts in the life sciences. That expansion includes 
construction of two research buildings, a new Na- 
tional Science Foundation Integrative Graduate 
Education and Research Traineeship program in 
genomics, evolution, and development, new pro- 
gram initiatives including Metabolomics and Cy- 
tomics Initiative, a $53 million dollar project in 
molecular and cellular life sciences, a program in 
human biology, and new hiring in microbiology, 
biochemistry, cell and developmental biology, mo- 
lecular evolution, and ecology. 

The successful candidate will be expected to 
establish a vigorous, externally funded research pro- 
gram and to participate in teaching undergraduate 
and graduate courses. For information about the 
Biology Department and the Biocomplexity Insti- 
tute, and for links to the campus and the Blooming- 
ton community, see_ websites: |http://www.bio 


http: //biocomplexity.indiana, 


findiana.edu] and 
jedu/| 
Sandidates should send curriculum vitae, a state- 


ment of research (past, present, and planned) and 
teaching interests, and representative publications, 
and arrange to have at least four letters of recom- 
mendation sent to: Yves Brun, Systems Biology/ 
Microbiology Faculty Search, Department of 
Biology, Indiana University, Jordan Hall 142, 
1001 E 3rd Street, Bloomington, IN 47405- 
7005. Review of applications will begin as soon as 
possible, and will continue until suitable candidates 
are identified. 

Indiana University is an Affirmative Action/Equal Oppor- 
tunity Employer. Women and minority candidates are en- 
couraged to apply. 


SENIOR FACULTY, NEUROSCIENCE 


Two tenure-track positions for FULL or ASSOCI- 
ATE PROFESSOR are available in the Department 
of Neuroscience and Physiology, Upstate Medical 
University. The Department has a focus in develop- 
mental neuroscience. Researchers interested in cell 
fate, neurogenetics, neurite outgrowth, and plasticity 
are encouraged. Successful candidates must have 
record of research productivity, an independent ex- 
tramurally supported research program, participation 
in medical/graduate education. Candidates should 
send curriculum vitae, statement of research plans, 
and names of references to: Michael Miller, Depart- 
ment of Neuroscience and Physiology, Upstate 
Medical University, 750 E. Adams Street, Syra- 
cuse, NY 13210. Applications will be considered 
until positions are filled. Applications from women and 
minority candidates are especially welcome. The State University 
of New York is an Affirmative Action/Equal Employment 
Opportunity Employer. 


POSITIONS OPEN 


BIOINFORMATICS AND 
MOLECULAR BIOLOGY 
Department of Biology 
University of Vermont 


Applications are invited for a RESEARCH 
FACULTY member in the Department of 
Biology in the area of molecular genetics and 
bioinformatics. This faculty member will be 
supported by the Vermont Genetics Network, 
an NIH-sponsored program, and will be 


expected to work with baccalaureate college 
faculty and students in colleges around Ver- 
mont to bring technology at the University 
of Vermont (UVM), such as microarrays and 
proteomics, into undergraduate classrooms. 
All applicants are expected to hold a Ph.D. 
degree, have experience in the general area of 


bioinformatics and molecular biology, and 
have an interest in teaching or working with 
undergraduates. 

Candidates must apply online at website: 
ney aaaemiobs command must attach 
to that application curriculum vitae, a 
statement of interest in working with under- 
graduates in molecular biology settings, and 
names with contact information of three ref- 
erences. We will be accepting applications un- 
til Friday, September 16, 2005. 

The University of Vermont is an Affirmative 
Action/Equal Opportunity Employer. The Depart- 
ment is committed to increasing faculty diversity and 
welcomes applications from women and underrepresented 
ethnic, racial, and cultural groups and from people with 
disabilities. 


The Albert Einstein College of Medicine 
(AECOM) seeks a TENURE-TRACK FACULTY 
member in bioinformatics to both establish an in- 
dependent research program and to serve as the 
Faculty Supervisor of AECOM’s Bioinformatics 
Shared Facility (BSF). The BSF is a data manage- 
ment and mining facility, serving the research needs 
of the entire medical school faculty. The successful 
applicant in his/her faculty supervisor role will direct 
data management and bioinformatics analysis sup- 
port for, and foster collaborations among, basic and 
clinical science researchers and the BSF. The BSF 
collaborates closely with statisticians, other bioinfor- 
matics research faculty, and various AECOM shared 
facilities for proteomics, genetics, and clinical re- 
search. The faculty supervisor position is highly col- 
laborative in nature. Screening of applications will be 
continuous. Appointment will be considered at a 
rank appropriate to the candidate’s experience. Ap- 
plications received by October 7, 2005, are assured 
full consideration. 

How to apply: Please send detailed curriculum 
vitae with bibliography and contact details (telephone 
number, e-mail address) for at least three references 
to e-mail: Subject: 
“Director of BSF.” Attn: Chair, Faculty Search Com- 
mittee for BSF. Equal Opportunity Employer. 


ASSISTANT/ASSOCIATE PROFESSOR 
Department of Ophthalmology 
Emory University 
School of Medicine 


Invites applications for a tenure-track faculty mem- 
ber at the rank of Assistant/Associate Professor. We 
seek an outstanding scientist to perform research in 
a field relevant to glaucoma or neural science, with 
opportunities to interface with leading researchers in 
visual sciences and related fields. Endowed funds are 
available to support the position. 

Please send curriculum vitae, a one- to two-page 
summary of your research contributions with plans 
for future work, and a list of three references to: 
Mrs. Patricia Bennett, Emory Eye Center, Emory 
University, 1365B Clifton Road, NE, Suite 
B4500, Atlanta, GA 30322. Emory University is an 
Affirmative Action/Equal Opportunity Employer. 
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THE STATE UNIVERSITY OF NEW JERSEY 


RUTGERS 


Faculty Position in Human Genetics 
Rank Open 


The Department of Genetics ( 

Human Genetics Institute of Rutgers Unversity seek an outstanding scientist 
to fill one of several new positions in human genetics. Researchers seeking 
a well-funded, diverse, and interactive department are encouraged to apply. 
Research areas of interest include but are not limited to: population genetics, 
computational genetics, developmental genetics, chromatin remodeling and 
epigenetics, complex disease gene discovery, cancer genetics, neurogenetics 
and neuropsychiatric genetics, and functional genomics. 


Candidates must have either a Ph.D. or M.D., or both, a demonstrated ability 
to conduct and publish significant independent research, and an interest in 
teaching at the undergraduate and graduate levels. Senior level candidates 
must have a strong record of grant support. Appointments will be made at a 
tenured or tenure-track level, consistent with the candidate’s credentials. 


Laboratory space will be provided in the newly constructed, state-of-the-art 
Genetics/Human Genetics Institute on Rutgers’ Busch Campus. We are part of 
a vibrant life sciences community including the Waksman Institute, the Center 
for Advanced Biotechnology and Medicine, the Center of Alcohol Studies, the 
Environmental and Occupational Health Sciences Institute, and the Robert 
Wood Johnson Medical School. The campus is located in central New Jersey, 
close to New York City, Philadelphia, beaches, and countryside. 


Applicants should send a CV, a statement of research interests, and full 
contact information for three individuals willing to provide a detailed evalu- 
ation of the candidate to:[genetics_search@biology.rutgers.edu] or to Jay 
Tischfield, Chair, Department of Genetics, Rutgers University, 145 Bevier 
Road, Room 136, Piscataway, NJ 08854-8082. Review of applications will 
begin October 1, 2005. The starting date is flexible. 


Rutgers University is an Equal Opportunity/Affirmative Action Employer. 


Tenure-Track Position in Microbiology 


The Department of Microbiology at Southern Illinois University Carbondale 
invites applications for a tenure-track position as an Assistant Professor with a 
start date of August 16, 2006. Applicants must hold a Ph.D. or other appropriate 
doctoral degree and have a record of relevant postdoctoral research training by 
the time of appointment. The applicant must also have an externally funded 
research program or the potential for developing one, as well as a significant 
record of peer-reviewed publication. The successful candidate will contribute 
to an area of existing strength in Microbiology, such as microbial evolution, 
diversity, physiology, or bioremediation, and have particular expertise in 
an aspect of quantitative microbiology such as bioinformatics, proteomics, 
genomics, or metabolomics. The candidate will be encouraged to collaborate 
with quantitative biology faculty in other departments and colleges such as 
the biological mathematician sought by the Department of Mathematics, the 
systematics expert sought by the Department of Plant Biology and the genom- 
ics specialist sought by the College of Agriculture. The successful applicant is 
expected to teach a portion of a course in introductory microbiology as well as 
an advanced undergraduate or graduate course in an area of expertise. 


Review of applications will begin October 15, 2005 and continue until the 
position is filled. Applicants should submit a curriculum vitae, a statement of 
teaching and research interests, and the names and addresses of at least three 
references to: Dr. Laurie Achenbach, Search Committee Chair, Depart- 
ment of Microbiology, Mailcode 6508, 1125 Lincoln Dr., Southern Ilinois 
University Carbondale, Carbondale, IL 62901. E-mail: [microbiology@] 
[micro.siu.ed] 


Southern Illinois University Carbondale is a large, public, comprehensive 
research-intensive university situated in a pleasant small-town setting southeast 
of St. Louis. SIUC is seeking to enhance interdisciplinary research and become a 
leading public research university {itep://news.siu.edu/s150), The Department 
of Microbiology, with a faculty of six, offers the M.S and Ph.D through the 
interdisciplinary Molecular Biology, Microbiology, and Biochemistry Graduate 
Program, as well as an undergraduate Microbiology degree. Please visit our 


website at|http://www.science.siu.edu/microbiology/ 


SIUC is an Affirmative Action/Equal Opportunity Employer that strives to 
develop a diverse faculty and staff and to increase its potential to serve a 
diverse student population. All applications are encouraged and will receive 
consideration. 


Computational Chemistry and 


Biology Opportunities at 
D. E. Shaw Research and Development 


Extraordinarily gifted computational chemists, biolo- 
gists, and other computational scientists are sought to 
join a rapidly growing New York-based research group 
that is pursuing an ambitious, long-term strategy 
aimed at fundamentally transforming the process of 
drug discovery. 


Candidates should have world-class credentials in com- 
putational chemistry, biology, or physics, or in a relevant 
area of computer science or applied mathematics, and 
must have unusually strong research skills. Relevant 
areas of experience might include protein structure 
prediction, the computation of protein-ligand binding 
affinities, the study of biologically important systems 
using molecular dynamics and/or Monte Carlo simula- 
tion, and the application of statistical mechanics to 
biomolecular systems—but specific knowledge of any 
of these areas is less critical than exceptional intellec- 
tual ability and a demonstrated track record of achieve- 
ment. Current areas of interest within the group include 
molecular dynamics simulation of functionally signifi- 
cant globular and membrane proteins, the prediction of 
protein structures and binding free energies, struc- 
ture- and ligand-based drug design, characterization of 
protein-protein, protein-nucleic acid and protein-lipid 
interactions, and the development of algorithms for 
biomolecular simulations. 


This research effort is being financed by the D. E. Shaw 
group, an investment and technology development firm 
with approximately $16 billion in aggregate capital. The 
project was initiated by the firm’s founder, Dr. David E. 
Shaw, and operates under his direct scientific leadership. 


We are eager to add both senior- and junior-level 
members to our world-class team, and are prepared to 
offer above-market compensation to candidates of truly 
exceptional ability. Please send your CV (including list 
of publications, thesis topic, and advisor, if applicable) 


to Sclencemag-cc@desrad.deshaw.com 


D. E. Shaw Research and Development, L.L.C. does not discrimi- 
nate in employment matters on the basis of race, color, religion, 
gender, national origin, age, military service eligibility, veteran 
status, sexual orientation, marital status, disability, or any other 
protected class. 


ra 


DE Shaw & Co 
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POSITIONS OPEN 


FACULTY POSITION 
Cell Biology: Neuroscience 


The Department of Biology invites applications 
for a tenure-track ASSISTANT PROFESSOR po- 
sition in cell biology, beginning in the fall of 2006. 
The successful candidate will contribute to our 
general biology curriculum and a successful and 
growing interdisciplinary neuroscience program. 
Area of specialization is open and might include 
neurophysiology, neuroendocrinology, cell signal- 
ing, receptor biology, neural plasticity, or cell-cell 
communication. 

Applicants must have a Ph.D. in biology or a 
related discipline, teaching experience, a successful 
independent research program, and a primary in- 
terest in teaching undergraduates at a liberal arts and 
science institution; postdoctoral experience is re- 
quired. Yearly course load will be selected from 
among foundation courses in biology and neuro- 
science, exploration courses for nonmajors, and 
specialty courses in the candidate’s area of expertise. 
Establishment of a strong research program that in- 
volves undergraduates is expected. Excellent teach- 
ing, research, and imaging facilities are available. 
Send curriculum vitae, statements of teaching and 
research interests, and three letters of recommen- 
dation to: Corey R. Freeman-Gallant, Chair, 
Department of Biology, Skidmore College, Sara- 
toga Springs, NY 12866, Cell Biology Search. 


Review of applications will begin on October 7, 
2005. Refer to our website: http: //www.skidmore. | 

Skidmore encourages applications from women and men of 
diverse racial, ethnic, and cultural backgrounds. 


FACULTY POSITION 
Molecular Prokaryotic Microbiology 


The Department of Biology invites applications 
for a tenure-track ASSISTANT PROFESSOR po- 
sition in molecular prokaryotic microbiology, begin- 
ning in the fall of 2006. The successful candidate will 
contribute to our general biology curriculum and an 
emerging interdisciplinary program in biological 
chemistry and have particular expertise in immunol- 
ogy or virology. 

Applicants must have a Ph.D. in biology or a 
related discipline, teaching experience, a successful 
independent research program, and a primary inter- 
est in teaching undergraduates at a liberal arts and 
science institution; postdoctoral experience is re- 
quired. Yearly course load will be selected from 
among foundation courses in biology, exploration 
courses for nonmajors, and specialty courses in the 
candidate’s area of expertise. Establishment of a 
strong research program that involves undergradu- 
ates is expected; excellent teaching and research 
facilities and support are available. Send curriculum 
vitae, statements of teaching and research interests, 
and three letters of recommendation to: Corey R. 
Freeman-Gallant, Chair, Department of Biol- 
ogy, Skidmore College, Saratoga Springs, NY 
12866, Molecular Microbiology Search. Review 
of applications will begin on October _7, 2005. 
Refer to our website: 
jedu/academics/biology! 

Skidmore encourages applications from women and men of 
diverse racial, ethnic, and cultural backgrounds. 


The Department of Chemistry at The University 
of Chicago invites applications from outstanding 
individuals for the position of ASSISTANT PRO- 
FESSOR of chemistry. This search is in the areas 
broadly defined as inorganic, organic, and physical 
chemistry. Applicants must mail hard copies of 
curriculum vitae, a list of publications, and a succinct 
outline of their research plans; and arrange for three 
letters of recommendation to be sent by mail to: 
Michael D. Hopkins, Chairman, Department of 
Chemistry, The University of Chicago, 5735 S. 
Ellis Avenue, Chicago, IL 60637. Review of 
completed applications will begin October 1, 2005; 
to ensure full consideration, all materials should be 
submitted by that date. An Equal Opportunity /Affirmative 
Action Employer. 
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IOWA STATE UNIVERSITY 


DEPARTMENT OF VETERINARY 
MICROBIOLOGY AND PREVENTIVE 
MEDICINE 
College of Veterinary Medicine 


Applications are invited for a BACTERIOLO- 
GIST to fill a tenure-track position at the ASSIST- 
ANT or ASSOCIATE PROFFSSOR level. The 
successful candidate will be expected to establish 
and maintain an independent, extramurally funded 
research program focused on the pathogenesis of 
bacterial diseases (60 percent effort); teach and 
mentor graduate and professional students (35 
percent); and perform University service (5 percent). 
A Ph.D., or an equivalent degree, in a relevant dis- 
cipline is required. A minimum of two years of 
postdoctoral training is preferred. Although a 
D.V.M. is preferred, it is not required. For con- 
sideration at the Associate Professor level, the 
candidate must be nationally/internationally recog- 
nized with records of sustained publication and 
extramural funding. Applications received by Octo- 
ber 1, 2005, will be guaranteed for review for an 
employment start date of Summer 2006. Applica- 
tions must be submitted online at websivfep:77} 
vacancy ID#: 
Questions about the position may be directed to: 
Dr. Greg Phillips, Bacteriologist Search Com- 
mittee Chair, 1802 Elwood Drive, VMRI #6, 
College of Veterinary Medicine, Iowa State Uni- 


versity, Ames, IA 50011. Telephone: 515-294- 
1525; e-mail: gregory@iastate.cdu 


Iowa State University is an Affirmative Action/Equal 
Opportunity Employer. 


ASSISTANT PROFESSOR 
BIOLOGY 


Full-time, tenure-track Biologist. Responsibilities 
include courses in human biology, human anatomy, 
and physiology, developmental biology, and an 
advanced-level course. Must have a Ph.D. and com- 
mitment to excellence in teaching; teaching and a 
focus on student learning are primary duties of fac- 
ulty. Department offers collegial work environment 
and relatively small classes. Research, particularly 
projects involving undergraduates, is encouraged. 
Tenure-track faculty are eligible for a one semester 
sabbatical during their first three years to carry out 
research and other preparations for tenure review. 
Start date is January 2006 (preferable) or September 
2006, pending budget approval. 

Forward cover letter, curriculum vitae, transcripts, 
statement of teaching philosophy, long-term goals, 
and three letters of reference. Screening will begin 
September 30, 2005, and will continue until the 
position is filled. Additional information on the De- 
partment at website: [http:7/7biology.wsc.ma.edul 
Send materials to: 

Dr. David Doe 
Chair, Biology Search Committee 
Department of Biology 
Westfield State College 
577 Western Avenue 
Westfield, MA 01086-1630 


Affirmative Action/Equal Opportunity Employer. Women, per- 
sons of color, and persons with disabilities are encouraged to apply. 


The Department of Chemistry at the Universi- 
ty of Chicago invites applications from qualified 
individuals for positions of POSTDOCTORAL 
RESEARCH ASSOCIATE in chemistry. These 
searches are in the areas broadly defined as in- 
organic, organic, and physical chemistry. For details 
about specific job opportunities and how to apply 


visit website: fittp://jobopportunities.uchicago.] 


Qualified applicants will have a Ph.D. degree 


or will have completed the Ph.D. requirements in 
the related areas prior to hire. The University of Chicago 
is an Equal Opportunity /Affirmative Action Employer. 


POSITIONS OPEN 


MOLECULAR BIOLOGIST 
TENURE-TRACK ASSISTANT PROFESSOR 
Colgate University 

We seek a tenure-track Assistant Professor to start 
August 2006. Ph.D. or expectation of completion 
this academic year required; teaching and post- 
doctoral research experience desirable. The success- 
ful candidate will contribute to a foundation course 
called molecules, cells, and genes, teach elective 
courses including microbiology, contribute to a 
capstone seminar in molecular biology, and partici- 
pate in University-wide programs. The appointee 
will join a biology faculty deeply committed to a 
strong, research-oriented program involving un- 
dergraduate students and will add to this effort 
by offering a research tutorial in their area of inter- 
est; Opportunities also exist to lead a semester-long 
program at the NIH. Applications are especially en- 
couraged from candidates whose research is focused 
in the area of microbiology, virology, or immu- 
nology. Please forward a letter of application with 
curriculum vitae, transcripts, and separate state- 
ments of teaching philosophy and research interests 
to: Dr. Barbara Hoopes, Department of Biolo- 
gy, Colgate University, 13 Oak Drive, Hamil- 
ton, NY 13346-1398 and also arrange to have 
three letters of recommendation sent to this ad- 
dress. Review of applications will begin October 7, 
2005, and continue until the position is filled. We 
intend to begin interviewing candidates by the end 
of October. Colgate University is an Equal Opportunity/ 
Affirmative Action Employer. Developing and maintaining a 
diverse faculty and staff further the University’s academic mis- 
sion. Women and minorities are especially encouraged to apply. 


TENURE-TRACK FACULTY POSITIONS 
Delaware State University 


Delaware State University seeks applicants for two 
12-month, tenure-track faculty positions (75 percent 
research and 25 percent teaching) at the ASSIST- 
ANT PROFESSOR level. Positions are part of a 
National Science Foundation-Experimental Program 
to Stimulate Competitive Research Infrastructure 
Improvement (website: |http:77www.epscor.dbi.] 
program to develop a center for the 
study of environmental issues related to agriculture 
and aquatic ecosystems. The University seeks one 
faculty member from any area of plant biology and 
a second with a chemical or biochemical back- 
ground. Candidates must hold a Ph.D. and have 
demonstrated excellence in innovative research in- 
cluding biotechnological approaches. A competitive 
salary and state-of-the-art facilities in house and at 
collaborating institutions are available. Applicants 
should send curriculum vitae, a statement of research 
interests and future plans, and a statement of their 
teaching philosophy, and have three letters of 
reference sent to: Plant biology/Agronomy search 
committee chair, Maria Labreveux, c/o Lisa 
Hopkins, Department of AGNR, Delaware State 
University, 1200 N Dupont Highway, Dover, 
DE 19901. 

Chemistry search committee chair, Andrew 
Goudy, c/o Rose Dabney, Department of Chem- 
istry, Delaware State University, 1200 N Dupont 
Highway, Dover, DE 19901. 

The review of applications will begin September 
1, 2006, and continue until a suitable candidate is 
identified. The application package will be shared 
with University faculty. Delaware State University is an 
Equal Opportunity Employer. 


ASSISTANT PROFESSOR 


The Department of Nutrition and Food Sciences 
at Utah State University invites applications for an 
Assistant Professor with 50 percent teaching and 
50 percent research assignment. We seek applicants 
who employ molecular and cellular approaches to 
study nutrition and health issues. Candidates must 
have a Ph.D. in nutrition science or related field. See 
website: (2-129-05) 
for full job description and application information. 
Affirmative Action/Equal Opportunity Employer. 
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Faculty Position in Cancer Biology & Genetics 


Memorial Sloan-Kettering Cancer Center invites applications for 
tenure-track faculty positions in the Cancer Biology and 
Genetics Program of __ the Sloan-Kettering _ Institute. 
. The new faculty 
members will join an interactive, interdisciplinary community of 
scientists and clinicians at the Center, which offers an outstanding 
basic and translational research environment within expanded 
state-of-the-art research facilities. Faculty will be eligible to hold 
graduate school appointments in the newly established Gerstner 
Sloan-Kettering Graduate School of Biomedical Sciences, as well as the 
Weill/SKI Graduate School of Medical Sciences of Cornell University. 


Successful candidates will carry out independent research on the 
genesis, progression, prognosis, prevention and treatment of 
cancer that synergize with ongoing efforts at the Center. Areas of 
special interest include but are not limited to: tumor-host 
microenvironment, genetics/epidemiology, | cancer-specific 
translational research and animal models of cancer. A representative 
list of research and clinical expertise of the program members and 
their clinical associates follows: 


CANCER BIOLOGY & GENETICS FACULTY 

Robert Benezra, PhD - Angiogenesis/ Differentiation 

Eric Holland, MD/PhD - Glioma Mouse Models 

Anna Kenney, PhD - Neural Stem Cells/Brain Tumors 
Johanna Joyce, PhD - Tumor Microenvironment 

Joan Massague, PhD- Cell Regulation/Metastasis 

Pier Paolo Pandolfi, MD/PhD -Molecular Genetics of Cancer 
Harold Varmus, MD -Molecular Mechanisms of Oncogenesis 


CLINICAL ASSOCIATES /ADVISORS 

George Bosl, MD -Germ Cell Tumors 

Lisa DeAngelis, MD - Primary CNS Tumors 

Yuman Fong, MD - Hepatic Oncology 

David Kelsen, MD - Gastrointestinal Cancers 

Mark Kris, MD/Valerie Rusch, MD - Lung Cancers 
Stephen Nimer, MD - Leukemia, Lymphoma 

Larry Norton, MD - Breast Cancer 

Kenneth Offit, MD - Genetics/Epidemiology 
Richard O'Reilly, MD - Pediatric Cancers 

Howard Scher, MD - Prostate and other GU Tumors 
Jatin Shah, MD - Head and Neck Malignancies 
David Spriggs, MD - Ovarian, Developmental Chemotherapy 


Interested parties should forward their Curriculum Vitae, a 
description of their past research accomplishments and proposed 
research program, selected reprints, and three letters of 
recommendation via e-mail (0 [cancer oar! Application 
materials can also be submitted to Joan Massagué, Ph.D, c/o Maria 
Beckles, Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, 
Box 494, New York, NY, 10021. Application deadline is November 1, 
2005. EOE/AA. 


eeKETTERI 


Memorial Sloan-Kettering 
Cancer Center 


The Best Cancer Care. Anywhere. 
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PLANT ECOLOGIST 


The Department of Botany at the University of Toronto invites 
applications for a tenure-track faculty position at the Assistant Professor 
level in the area of Plant Ecology to begin July 1, 2006. Specialists 
in all areas of plant ecology are encouraged to apply. Applicants who 
are using, or will develop, experimental approaches to understanding 
ecological pattern and process will be given priority. 


The successful candidate will have demonstrated excellence in teaching 
and research and will be expected to participate in undergraduate and 
graduate teaching of ecology, plant biology and field courses at the 
University of Toronto. She or he would also be expected to interact 
with faculty across campus working in related fields. Salary to be 
commensurate with qualifications and experience. 


Applicants should arrange to have four reference letters sent directly 
to the address below. In addition, applicants should forward their cur- 
riculum vitae, copies of significant publications, and statements of 
research and teaching interests to the Chair, Plant Ecology Search 
Committee, Department of Botany, University of Toronto, 25 
Willcocks Street, Toronto, ON M5S 3B2 Canada before Octo- 
ber 24, 2005. Inquiries should be directed to Dr. Rowan Sage at 
Rsage@botany.utoronto.ca| 


All qualified candidates are encouraged to apply; however, 
Canadians and permanent residents will be given priority. The 
University of Toronto offers the opportunity to teach, conduct 
research and live in one of the most diverse cities in the world and is 
strongly committed to diversity within its community. The University 
especially welcomes applications from visible minority group 
members, women, aboriginal persons, persons with disabilities, 
members of sexual minority groups, and others who may 
contribute to the further diversification of ideas. 


‘s Karolinska Institutet, Stockholm, Sweden 
Researcher / Post-doctoral position 
Ref-no: 3950/2005 


KASPAC is a joint venture arising from collaboration between 
Sumitomo Pharmaceuticals Co Ltd, Japan and the Karolinska 
Institutet, Sweden with the designation of identifying novel targets 
for Alzheimer’s disease therapeutics. 


KASPAC is under the directorship of Professor Bengt Winblad and 
is based at the Novum Research Park, Huddinge. 


The research at KASPAC is focussed on four sub-projects: 
- The Presenilin in Mitochondria project 

- The Human g-secretase project 

- The CLAC project 

- The Genomics project 


We are seeking a post-doctoral scientist with expertise in cell 
biology and protein biochemistry, to join a group studying functions 
of Alzheimer’s disease associated proteins. The successful applicant 
has a strong background in work using animal models, breeding 
transgenic animals and dissecting organs etc. 


The position is a full time research position for one year, with a 
possibility of prolongation. 


For information, contact Professor Bengt Winblad, 
+46 70 632 67 71 or +46 8 585 836 17. 
SACO: Karin Bergstrém, +46 8 5248 38 33, 


karin.bergstrom @ neurotec.ki.se. 


To apply, please send a personal letter including your full CV, 
Publication list and references to: 

Karolinska Institutet, Professor Bengt Winblad, Neurotec, 
KASPAC, Novum, S-141 57 Sweden 


or by email: |b.winblad.kaspac @ neurotec.ki.se 


Closing date for applications: September 15, 2005. 


ScienceCareers.org 
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POSITIONS OPEN 


FACULTY POSITION: THEORETICAL 
ECOLOGY/EVOLUTION 


The Department of Ecology and Evolutionary 
Biology at the University of Tennessee, Knoxville, 
seeks to fill a tenure-track position in theoretical/ 
computational ecology and/or evolution at the AS- 
SISTANT or ASSOCIATE PROFESSOR level, 
to start August 1, 2006. Attractive research areas in- 
clude complex ecological or evolutionary systems, 
problems at multiple spatial scales, and analysis of 
evolutionary and ecological data at broad spatial or 
temporal extent. Teaching will include courses in 
theoretical ecology or evolution. 

For information about the Department visit 
website: [http:/7/eeb.bio.utk.edu] Candidates should 
apply to: 

Dr. Sergey Gavrilets 
Department of Ecology and 
Evolutionary Biology 
University of Tennessee 
Knoxville, TN 37996 


Applicants should send curriculum vitae, state- 
ments of research and teaching goals, up to five 
reprints, and arrange for three reference letters to be 
submitted. Applications will be reviewed beginning 
September 30, 2005. 

The University welcomes and honors people of all races, 
creeds, cultures, and sexual orientations, and values intellectual 
curiosity, pursuit of knowledge, and academic freedom and 
integrity. 

The University of Tennessee is an Equal Employment 
Opportunity/Affirmative Action/Title VI/Title IX/Section 
504/ADA/ADEA Institution in the provision of its educa- 
tion and employment programs and services. 


TENURE-TRACK FACULTY POSITION 
MICROBIOLOGY 
Indiana University, Bloomington 


The Department of Biology (website: pees 
and Indiana University (IU 
Interdisciplinary Human Biology Program invite 
applications for a position in prokaryotic cell and 
molecular biology, including pathogenesis and cel- 
lular microbiology. The successful candidate will 
join a strong microbiology program in the Depart- 
ment of Biology and comprehensive interdiscipli- 
nary initiatives in human biology and biotechnology, 
receive a competitive startup package and salary, and 
have outstanding research resources. The successful 
candidate will be expected to develop an externally 
funded research program and to participate in 
undergraduate and graduate teaching. Appointment 
is expected to be at the ASSISTANT PROFES- 
SOR level, but outstanding SENIOR-level candi- 
dates will also be considered. Applicants should send 
curriculum vitae, statement of research and teaching 
interests, reprints/preprints, and arrange to have 
at least four letters of recommendation sent to: 
Malcolm E. Winkler, Department of Biology, 
Indiana University, Jordan Hall, Room 142, 
Bloomington, IN 47405. Address questions by 
e-mail: [mwinkler@bio.indiana.ed. Review of 
applicants will begin as soon as possible and con- 
tinue until the position is filled. Indiana University is an 
Affirmative Action/Equal Opportunity Employer. Women, 
minority candidates, and couples are encouraged to apply. 


TIME FOR A CAREER CHANGE? 


CPE Communications, a leader in pharmaceutical 
healthcare communications, is looking for an enthu- 
siastic, self-motivated MEDICAL WRITER. If you 
enjoy writing and learning about the pharmacologic 
management of disease, have excellent communica- 
tion and presentation skills, can adhere to deadlines, 
and manage multiple projects, this job may be for 
you! Send inquiries, curriculum vitae, and salary re- 
quirements to e-mail:[hr@dpmadvert.comJreferring 
to code #MW-805. Advanced degree required 
(Ph.D., Pharm.D., or M.D.). Immunology, oncol- 
ogy, or pharmacology expertise preferred. Must be 
willing to work in Chicago, Illinois. CPE will train. 
Experience a plus. 
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POSITIONS OPEN 


The Molecular Cardiology Program at 
Weill Medical College of Cornell University 
seeks independent investigators as TENURE- 
TRACK/TENURED FACULTY MEM- 
BERS. The Molecular Cardiology program is 
a vibrant multidisciplinary group with diverse 
interests including cardiovascular genetics, 
cardiovascular development, vascular biology, 
stem cell biology, signal transduction, and 
cellular electrophysiology. Successful candi- 
dates (M.D., M.D./Ph.D., or Ph.D.) should 
have an established track record of extramural 
funding and will be provided with newly ren- 
ovated research space and a generous startup 
package. Salary and rank will be commensu- 
rate with experience. Applicants should for- 
ward curriculum vitae, research plan, and 
three references to: Ann Grgas, Assistant to 
the Molecular Cardiology Search Commit- 
tee, Division of Cardiology, Cornell Med- 
ical College, Starr 4, 525 East 68th Street, 
New York, NY 10021. Telephone: 212- 
746-2169; fax: 212-746-6951; e-mail: 
Cornell #8 am 
Equal Opportunity Employer. 


VERTEBRATE PHYSIOLOGY 


The Department of Biology at Middlebury Col- 
lege invites applications for a tenure-track position at 
the rank of ASSISTANT PROFESSOR beginning 
September 2006 with a focus on the integrative 
analysis of vertebrate physiology. Teaching responsi- 
bilities include courses in animal physiology and 
vertebrate biology, both with laboratory, and an 
upper-level course in the candidate’s area of special- 
ization. The successful candidate will also be 
expected to participate in the Neuroscience Program 
and to establish an active research program that 
includes undergraduates. Candidates must have 
completed a Ph.D. in a relevant discipline, and 
should provide evidence in their application of 
commitment to excellence in teaching and scholar- 
ship. The application should include a statement of 
both teaching and research interests, curriculum 
vitae, copies of undergraduate and graduate tran- 
scripts (unofficial copies are acceptable), and samples 
of scholarly work. The application materials and 
three letters of recommendation, which should be 
sent under separate cover and must collectively speak 
to both teaching and research ability, should be sent 
to: Dr. Sallie Sheldon, Vertebrate Physiology 
Search Committee Chair, Department of Biolo- 
gy, Middlebury College, Middlebury, VT 05753. 
E-mail: 

See website: 
jacademics7ump/majors/bio/detault.htnj} for 
more details about the position, the Biology De- 
partment, the Program in Neuroscience, and the 
College. Review of applications will begin October 
15, 2005, and will continue until a successful can- 
didate is identified. Middlebury College is an Equal 
Opportunity Employer, committed to hiring a diverse faculty 
to complement the increasing diversity of the student body. 


ASSISTANT PROFESSOR, BIOLOGY 
Mercer University (Macon, Georgia) 


Mercer University seeks a tenure-track Assistant 
Professor for August 2006 with a Ph.D. in biological 
sciences, broad training in genetics and molecular 
biology, and promise of excellence in teaching and 
scholarly activity. Candidates should be able to con- 
tribute to general science education and/or the 
University’s interdisciplinary studies programs. 

Duties will consist of teaching five undergraduate 
courses per academic year, including introductory 
biology, genetics, and upper-division specialty. 
Research involving undergraduates is encouraged. 
For full announcement and to apply online, access 
website “Afrmatve 
Action/Equal Opportunity Employer/ADA. 


POSITIONS OPEN 


COGNITIVE NEUROSCIENTIST 
Wake Forest University 
School of Medicine 


The Department of Neurobiology and Anatomy 
invites applications for a tenure-track faculty position. 
Applicants should have a minimum of two years of 
postdoctoral experience and a strong record of 
scholarship; the level of appointment will be com- 
mensurate with experience. The Department is 
seeking an outstanding individual using modern 
approaches in cognitive neuroscience at the systems, 
cellular, molecular, and/or behavioral/psycho- 
physical level. Preference will be given to applicants 
with experience and interests that overlap those of 
current departmental members. The successful can- 
didate will become part of the large and active 
neuroscience community at the University, which 
includes the Departmental Program and an inter- 
disciplinary program in neuroscience, as well as an 
NIH-funded training program focused on multiple 
sensory systems. For more information on the 
Department and areas of research emphasis, visit our 
website: |http://www.wfubmc.edu/nbal Candidates 
should send curriculum vitae, statement of research 
interest, and three letters of recommendation to: 


Search Committee 
Department of Neurobiology and Anatomy 
Wake Forest University 
School of Medicine 
Winston-Salem, NC 27157-1010 
Wake Forest University is an Affirmative Action/Equal 
Opportunity Employer. 


CELL BIOLOGIST. Kalamazoo College invites 
applications for a tenure-track position to begin in 
fall 2006 at the ASSISTANT PROFESSOR level. 
Ph.D. required. Postdoctoral experience preferred. 
Salary is competitive and commensurate with expe- 
rience. Teaching responsibilities will include evo- 
lution and genetics (an introductory-level core 
course), cell and molecular biology (a mid-level core 
course), and upper-level courses compatible with the 
candidate’s interest and the curriculum. Candidates 
are expected to have a high aptitude and interest in 
undergraduate teaching, a commitment to the 
liberal arts, and a desire to involve undergraduates 
in scholarship both inside and outside the classroom. 
Kalamazoo College is a highly selective, nationally 
recognized liberal arts college that takes pride in its 
outstanding undergraduate science education pro- 
gram. A recent Higher Education Data Sharing 
consortium survey ranked the College fourth na- 
tionally among all institutions in the proportion of 
its graduates who ultimately receive Doctorates in 
the life sciences. Completed applications received by 
November 15, 2005, will receive full consideration 
with later applications reviewed as needed until the 
position is filled. Send letter of application, curricu- 
lum vitae, undergraduate and graduate transcripts 
(unofficial acceptable), statement of teaching philos- 
ophy and research interests, and three letters of 
recommendation to: Dr. Paul Sotherland, Chair, 
Department of Biology, 1200 Academy Street, 
Kalamazoo, MI 49006-3295. Kalamazoo College 
encourages candidates who will contribute to the cultural 
diversity of the College to apply and to identify themselves if 
they wish. Equal Opportunity Employer. 


POSTDOCTORAL ASSOCIATE 


Stony Brook University’s Division of Cancer Pre- 
vention is seeking a Postdoctoral Associate. Re- 
quired: Ph.D. in molecular biology or related field. 
Experience in protein analysis with chemother- 
apeutic agents. Use of Ciphergen system is desirable. 
Good communication skills. To apply, send cur- 
riculum vitae, three letters of reference, and salary 
history to: Dr. B. Rigas, Chief, Division of Cancer 
Prevention, L5-LICC, Stony Brook University 
Hospital, Stony Brook, NY 11794-7547. E-mail: 
Visit website: 
inttp://www.stonybrook.edu/cjo] for employ- 
ment information. Affirmative Action/Equal Opportunity 
Employer. 
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Assistant Professor 
Massachusetts General Hospital Cancer Center and 
Department of Medicine, Harvard Medical School 


The Massachusetts General Hospital Cancer Center is seeking applications 
for a tenure track faculty position at the level of Assistant Professor. 
The successful candidate will occupy laboratories in the MGH Cancer 
Center, Charlestown Navy Yard research facility. We seek outstanding 
individuals, who wish to establish a strong cancer research program, with 
interests including, but not limited to, cancer biology, cancer genetics, 
genetic model organisms, signal transduction, and cell cycle checkpoints. 
Candidates must hold a Ph.D. and/or M.D. degree (or equivalent), have 
postdoctoral experience and a strong record of accomplishment in 
research. Applications from women and minority candidates are strongly 
encouraged. 


Candidates should submit a curriculum vitae including a full list of 
publications and a brief statement of research and teaching interests to 
the email address below. Four letters of reference should be mailed directly 
to the Search Committee. 


Nick Dyson, Chair, Search Committee 
c/o Carol Ann Hannan 
MGH Cancer Center 
13" Street, Building 149, Room 7204 
Charlestown, MA 02129 


Email:[channan@partners.org] 
Applications must be received by October 15, 2005. 


Massachusetts General Hospital and Harvard University uphold a 
commitment to Affirmative Action and Equal Opportunity. 


L 
THE UNIVERSITY 
OF lOWA 


ANTHROPOLOGICAL GENETICS/PRIMATE GENOMICS 
The Departments of Anthropology and Biological Sciences 
In conjunction with the 
Roy J. Carver Center for Comparative Genomics 
at The University of lowa 


Applications are invited for a tenure-track position at the Assistant Professor 
level. Successful candidates are expected to have an internationally visible 
research program that focuses on anthropological genetics and primate genom- 
ics. Some representative areas of research are: the developmental genetics of 
complex morphological traits; the genetic basis for unique character traits such 
as language; the comparative genomics of primates; and the use and analysis of 
molecular genetic markers in living populations to infer historic and prehistoric 
population demography. The Departments of Anthropology and Biological Sci- 
ences are committed to expanding their respective programs to reflect modern 
genomic approaches to primate and human evolution in association with the 
Roy J. Carver Center for Comparative Genomics. The Center is fully equipped 
for robotically driven high throughput DNA sequencing and functional genom- 
ics. More about the Departments and the Center for Comparative Genomics 
may be found at frwwauiowa.edu/-anthrd, [www Diology.uiowa.edu), and 


Candidates must have post-doctoral experience and a recognized record of 
accomplishment, including publications in leading journals. Successful candi- 
dates will be expected to establish and maintain an extramurally funded research 
program and participate in teaching at the undergraduate and graduate levels. 
Newly renovated space and a competitive start-up package will be available. 
Applicants should send a curriculum vitae, statement of research objectives, 
selected reprints, a description of teaching interests, and the names of three 
references to: Biological Anthropology Search Committee, c/o Becky Birch, 
Department of Biological Sciences, 143 Biology Building, The University of 
Iowa, Iowa City, [A 52242-1324. Review of applications will begin November 
1, 2005 and continue until the position is filled. 


The University of Iowa is an Affirmative Action/Equal Opportunity Employer. 
Women and minority candidates are especially encouraged to apply. 


United Nations 
Environment Programme 


DO YOU CARE TO HELP SHAPE THE 
WORLD’S BIODIVERSITY FUTURE? 


Vacancy Announcement No: 04-PGM- UNEP-406696-R- 
Cambridge 

Functional title: Director, World Conservation Monitoring 
Centre (UNEP-WCMC) 

Level: D-1 

Duty Station: Cambridge, U.K. 

Deadline for Applications: 21 September 2005 


UNEP, the principal UN organization in the field of environment, 
is seeking candidates for the groundbreaking post of Director, 
World Conservation Monitoring Centre (UNEP-WCMC), based in 
Cambridge, United Kingdom. UNEP-WCMC is the biodiversity 
assessment and policy implementation arm of UNEP and has 
been in operation for over 25 years developing and placing 
biodiversity information in the hands of the world’s environmen- 
tal decision-makers. 


The Director will lead the Centre as it builds upon its role as the 
principal source of biodiversity information both within UNEP 
and the UN system. The Director will manage the Centre, over- 
see the implementation of its programmes and help consolidate 
its leadership role in the field of biodiversity information, as- 
sessment and policy. He/she will build upon and help extend the 
Centre’s diverse client base including governments, multilateral 
environmental agreements, NGOs and the private sector. The 
Director will shape the future of the Centre and how it responds 
to its mandates and work programmes from UNEP, multilateral 
environmental agreements, the private sector and other part- 
ners, as well as to opportunities for supporting institutions, 
especially in developing countries, in their biodiversity informa- 
tion, assessment and policy needs. 


Education/Experience 

Advanced university degree in natural or environmental sci- 
ence and management, preferably focusing on biodiversity. 
Applicants should have at least 15 years’ experience in the field 
of environment (e.g. biodiversity policy, assessment, database 
development), with at least ten years at the international level. 
Fluency in oral and written English is required, and knowledge 
of other official UN languages is an advantage. 


An internationally competitive salary and benefits package will 


be offered. See UN website hhttp://www.un.org/Depts/ 
OHRM/salaries_allowances/index.htm 


For more details on the vacancy and how to apply, visit 
the UN’s website at under Pro- 
gramme Management. Interested candidates are ad- 
vised to apply online before the deadline, by opening a 
“My UN” account, as per guidelines on the mentioned 
website. 


Qualified women candidates are encouraged to apply. 
TO LEARN MORE ABOUT UNEP VISIT: 


Www.unep.org 
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POSITIONS OPEN 


BIOMATERIALS/BIOTECHNOLOGY/ 
TISSUE ENGINEERING 
FACULTY POSITION 
University of Michigan 


The University of Michigan seeks nominees and 
applicants to fill a tenure-track position at the 
ASSISTANT or ASSOCIATE PROFESSOR lev- 
el. The appointment is based in the Department of 
Biologic and Materials Sciences, the Basic Science 
Department in the School of Dentistry and recipient 
of over $8 million per year in federal funding. The 
successful candidate may obtain a joint appointment 
in an appropriate department in the College of En- 
gineering. An especially important aspect of this 
position is that excellent resources are available 
University-wide to support this position. There is a 
long history of multidisciplinary interaction in the 
areas of biomaterials, bioengineering, and _ tissue 
engineering at the University of Michigan. The 
successful candidate will have the opportunity to 
become an integral faculty member and will have 
access to high quality graduate students in estab- 
lished Ph.D. programs in biomedical engineering 
and oral health sciences, as well as emerging Uni- 
versity initiatives in nanotechnology, cellular, and 
molecular biotechnology, regenerative medicine, 
and organogenesis. 

Applicants should hold a Ph.D. or equivalent 
degree in bioengineering, materials engineering, or 
related field, or in a biological science with strong 
background ‘interests and postdoctoral experience in 
materials science. Qualified applicants should be able 
to establish an independent and extramurally funded 
research program. They should also possess a strong 
commitment to teaching biomaterials and training 
doctoral students. 

Research areas of particular interest include, but 
are not limited to, organic and inorganic biomate- 
rials, biomolecular engineering, nanotechnology, 
surface science and cell-surface interactions, micro- 
fluidics, biosensors, cellular biomechanics, and/or 
biofilms. 

For best consideration, applications should be 
received by November 30, 2005. Application, cur- 
riculum vitae, two- to three-page research plan, and 
names of at least five references should be sent to: 


David H. Kohn, Ph.D. 

Chair, Search Committee for Biomaterials 
Department of Biologic and Materials Sciences 
School of Dentistry 
University of Michigan 
Ann Arbor, MI 48109-1078 
Telephone: 734-764-2206 
Fax: 734-647-2110 
E-mail: [ahkohn@umich.cdu] 

The University of Michigan is an Equal Opportunity 
Employer. 


FACULTY POSITION, PHYSIOLOGY 


The Department of Physiology at Loyola Univer- 
sity Chicago Stritch School of Medicine seeks 
applicants for tenure-track positions at the ASSIST- 
ANT or ASSOCIATE or FULL PROFESSOR 
level. Applicants (with Ph.D., M.D., or equivalent) 
are expected to establish a strong and interactive 
research program. More senior applicants should 
have a strong record of research productivity and 
extramural support. Applicants whose research com- 
plements and extends existing research strengths 
in cellular and molecular aspects of cell signaling 
mechanisms in cardiovascular or neuroscience are 
especially encouraged (see website: [http:77www,] 
Juhs.org/depts/ physio/index2.ctm }. 
curriculum vitae including research plans, and names 
of three references to: 


Donald Bers, Ph.D. 
Department of Physiology 
Loyola University Chicago 
2160 South First Avenue 

Building #102, Room #4644 
Maywood, IL 60153 


Loyola University Chicago is an Equal Opportunity/ 
Affirmative Action Employer. 
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POSITIONS OPEN 


ASSISTANT PROFESSOR: The Department 
of Biology at Denison University invites applications 
for a tenure-track position with emphasis in plant 
biology to begin August 2006. Research system and 
specialization within plant biology are open, exclud- 
ing genetics and systematics. A strong potential for 
excellence in teaching and for a productive research 
program involving undergraduates is essential. Ph.D. 
is required; postdoctoral experience and demonstra- 
ted teaching ability are assets. Teaching responsibil- 
ities include advanced courses (junior/senior level) 
in the candidate’s area of specialty and introductory 
courses for both majors and nonmajors. In addition, 
shared oversight of the Denison greenhouse is 
expected. 

Denison offers competitive startup funds, summer 
support for student and faculty research, a 350-acre 
biological reserve with field station near campus and 
the new Talbot Hall of Biological Science. See our 
website: for 
more detailed descriptions of the position and the 
program. Candidates should send a cover letter ad- 
dressing their interest in liberal arts education; 
curriculum vitae; statements of teaching philosophy 
and research interests; copies of transcripts (graduate 
and undergraduate); and the names, e-mail addresses, 
and telephone numbers of three references to: 

Chair, Plant Biologist Search Committee 
Biology Department 
Denison University 


Granville, OH 43023 


Review of applications will begin October 10, 2005. 
Denison is an Affirmative Action/Equal Opportunity Employer. 
Women and minorities are especially encouraged to apply. 


Saint Mary’s College of California seeks a leader 
who will build upon a record of success and lead 
the School of Science to its next level of academic 
excellence. With strong institutional support, the 
DEAN will continue to develop our outstanding 
undergraduate science and mathematics programs 
and our national reputation as a leader in under- 
graduate science education. 

An independent institution, Saint Mary’s draws 
upon three principle traditions: the liberal arts, 
Catholicism, and the “Lasallian” education vision of 
Saint John Baptist DeLaSalle. The faculty is com- 
mitted to maintaining lives of current and vigorous 
teaching and research/scholarship. This allows us to 
provide our students with an outstanding edu- 
cational experience characterized by vibrant and 
innovative teaching, personal contact between pro- 
fessor and student, and frequently highlighted 
collaborative research projects that convey the ex- 
citement and hands-on nature of all scientific 
investigations. 

The Dean is the primary academic advocate and 
administrative officer of the School, which has a 
full-time faculty of nearly 50, representing the 
disciplines of biology, chemistry, computer science, 
mathematics, physics, psychology, environmental 
science, and 3+2 engineering, as well as a consor- 
tium arrangement with Samuel Merritt College of 
Nursing. The Dean promotes the vitality, integrity, 
and advancement of all programs and ensures that 
the programs and the policies of the School are 
consistent with the College’s mission. 


POSTDOCTORAL POSITION 
IMMUNOLOGY 


Applications are invited for a Postdoctoral posi- 
tion to investigate the molecular mechanisms 
underlying development of neonatal ee and 
T cell memory ae details see website: 
candidates should possess a 
and a good background in ata biology. ee 
is competitive and Columbia is a quality living city. 
Please send curriculum vitae and the names of three 
references to: H. Zaghouani, University of Missouri 
School of Medicine, Department of Molecular 
Microbiology and Immunology, DC044, Colum- 
bia, MO 65212, U.S.A. Or, e-mail:[zaghouanih@] 


Trealthmissourt edu 


Affirmative Action/Equal Opportunity Employer. 


POSITIONS OPEN 


ANIMAL BEHAVIOR 
Indiana University, Bloomington 


The Department of Biology of Indiana University 
invites applications for an open rank, tenure-track 
FACULTY POSITION in animal behavior. We 
seek candidates with a conceptually driven research 
program to complement existing strengths in the 
evolution, ecology, and behavior program. The 
specific focus within animal behavior is open, but 
we especially encourage applicants whose research 
uses evolutionary or ecological approaches to under- 
stand the function and diversity of behavior and/or 
neuroethological, endocrinological, or genetic 
approaches to understanding the mechanisms of 
behavior. Indiana University is widely recognized 
for its outstanding interdisciplinary programs in 
behavior, including the Center for the Integrative 
Study for Animal Behavior (website: ittp:77www] 
and a new NIH Training 


Program in Common Themes in Reproductive 
Diversity (website: [attp:77www.indiana.edu/ 
breprodioy). Strong applicants are expected to 
have postdoctoral research and/or teaching experi- 
ence and established research productivity. The 
successful candidate will be provided with a com- 
petitive startup package and will be expected to 
establish a vigorous, externally funded research pro- 
gram and to participate in teaching undergraduate 
and graduate courses. For information about the 


Biology Department and for links to the campus and 
the Bloomington community, see website fep:77] 
Candidates should send cur- 
riculum vitae, a statement of research, and repre- 


sentative publications and should arrange to have 
three letters of recommendation sent to: Chair, 
Animal Behavior Search, Department of Biology, 
Indiana University, 1001 East Third Street, 
Bloomington, IN 47405-3700. Review of appli- 
cations will begin October 15, 2005, and will con- 
tinue until suitable candidates are identified. Indiana 
University is an Affirmative Action/Equal Opportunity Em- 
ployer. Women and minority candidates are encouraged to apply. 


RESEARCH ASSISTANT PROFESSOR 


Southern Illinois University (SIU) School of Med- 
icine welcomes applications for a position as a 
Research Assistant Professor. Responsibilities: Per- 
form research to collect and analyze behavioral, 
electrophysiological, biochemical, genetic, and other 
data as necessary to study the regulation of sleep 
during infectious and inflammatory disease in rodent 
models. Position also involves teaching in relevant 
subject areas to SIU School of Medicine students. 
Requirements: Ph.D. degree or equivalent in phar- 
macology, physiology, neuroscience, genetics, im- 
munology, or a related field. Salary Range: $38,500 
to $41,796 annually. Full-time position. Regular 
hours 8:30 a.m. to 5:00 p-m. To apply: To assure 
full consideration, applicants should send curricu- 
lum vitae to: Richard Herndon, Business Manag- 
er, Department of Pharmacology, Southern 
Illinois University School of Medicine, P.O. Box 
19629, Springfield, IL 62794-9629. Applications 
will be accepted for this position through October 3, 
2005. SIU School of Medicine is an Affirmative Action/ 
Equal Opportunity Employer. 


POSTDOCTORAL RESEARCH ASSOCI- 
ATE: To participate as a member of the team con- 
ducting research to investigate the roles of dietary 
fatty acids and phytochemicals in modulating in- 
flammatory responses and chemoprevention. Suc- 
cessful candidate will require hands-on experience 
in molecular biological techniques including trans- 
genic mice, bioinformatics, and gene manipula- 
tion. A strong background in molecular biology is 
highly desirable. Recent doctoral degree in bio- 
logical sciences is required: good potential to ad- 
vance to faculty rank. Send application materials to: 
Dr. Daniel Hwang, Department of Nutrition, 
Meyer Hall, University of California, Davis, CA 
95616-4160. Telephone: 530-754-4838; e-mail: 


a da. 


University of California, Davis is an Equal Opportunity 
Provider and Employer. 
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PROTEIN 
CRYSTALLOGRAPHER 


Department of Biochemistry & 
Molecular Biology 
Oregon Health & Science 
University 


The Department of Biochemistry & Molecular 
Biology at OHSU is seeking faculty candidates 
with expertise in protein crystallography 
to be appointed at the rank of 
Associate or Full Professor. 


Applicants should have an established record 
of outstanding scientific achievement, interest 
in participating in an interactive research 
environment within the scientific community at 
OHSU, and be committed toward teaching and 
mentoring the next generation of biochemists. 


Substantial start-up funds and an endowed 
professorship will be available to support the 
successful candidate’s research program. 
Applicants should send curriculum vitae and 
names and addresses of four references by 
November 15, 2005 to: 


Chair, Faculty Search Committee 
Biochemistry & Molecular Biology 
Oregon Health & Science University 
3181 SW Sam Jackson Park Road 
Mail code L224 
Portland, Oregon 97239-3098 


Faculty Position 
in Molecular/Cellular Neuroscience 


University in St.Louis 


Department of Anatomy and Neurobiology 


Two faculty positions at Washington University School of Medicine in St. Louis, MO 
are available for individuals taking innovative approaches to fundamental questions in 
molecular neuroscience. These positions are in the Department of Anatomy and Neuro- 
biology (http://thalamus.wustl.edu/) and will be at the Assistant Professor or Associate 
Professor level. The department houses 20 active research labs in neurobiology, and 
is part of a much larger inter-departmental neuroscience program (program website 
|http:/meuroscience.wustl.edu/ ). Excellent shared facilities are available for molecular 
and cellular neuroscience, including imaging (electron and optical microscopy) and 
mouse genetics (generation and behavioral analysis of transgenic and knockout lines). 
Both the department and the neuroscience program offer numerous opportunities for 
scientific interactions and collaborations. 


To apply: Send by email attachment one PDF or Word document that includes your 
cover letter, CV, research summary, and names and email addresses of three refer- 
ences. Send one document only, limited to 10 pages tofsusan@brainvis.wustl.edu| 
In addition, please arrange for three letters of recommendation to be sent to Dr. David 


Van Essen, via email to[susan@brainvis.wustl.edu| Applications and letters must be 
received by December 1, 2005. 


OHSU is an Affirmative Action/Equal 
Opportunity Employer 


AA/EOE M/F/D/V. 


EXHIBIT DEVELOPERS 
Full Time Temporary 


The Museum of Science and Industry, Chicago is currently seeking two 
Exhibit Developers. The first is for a large-scale science exhibition about 
physics and chemistry. The second is for an exhibition about human biol- 
ogy and health. Each position requires deep subject-related knowledge 
in its respective topic areas. General responsibilities include, but are not 
limited to, the following: 

Provide creative exhibit development activities to develop interactive 

concepts 

Interpret and translate science content into outstanding hands-on experi- 

ences 

Work with consultants to produce units for prototyping, evaluation, and 

testing 

Manage and coordinate collaborative academic partnerships to gain 

useful feedback and creative ideas 


The Exhibit Developer for the Science Storms project must be able to 
effectively communicate scientific principles related to chemistry, physics, 
materials science, and nanotechnology to the general public. A Master’s 
degree in chemistry, physics or materials science and/or four- to 10-years 
related experience is required. 


The Exhibit Developer for the Body Human project must be able to effec- 
tively communicate scientific principles related to biology, physiology, and 
neuroscience to the general public. A Master’s degree in the biological 
sciences and/or four- to 10-years related experience is required. Emphasis 
in physiology or neuroscience is preferred. 


For each position a Ph.D. is a plus. Previous experience producing 
informal, hands-on educational learning experiences is highly desired. 
To apply for the Science Storms or Body Human position, please send a 
letter of interest, curriculum vitae, and three references to: Museum of 
Science and Industry, Human Resources, 57" Street and Lake Shore 


Drive, Chicago, IL 606375 
Fax: 773-684-0019. 


AA/EOE/ADA 


Founding Director, Mills Breast Cancer Institute 


Carle Foundation Hospital, Carle Clinic Association, 
College of Medicine at Urbana-Champaign 
University of Illinois 


The Mills Breast Cancer Institute, partnered by Carle Foundation Hos- 
pital, the University of Illinois, College of Medicine, and Carle Clinic 
Association is seeking to fill an innovative new position to nucleate this 
institute focused on breast cancer treatment and research. This posi- 
tion provides an opportunity for someone to assume the leadership of 
a completely new research program that has received outside funding 
to ensure that the program is fully staffed, functioning and operating 
in a new facility by March 2008. Duties include: Development of the 
Institute, hiring and directing staffing, identifying and initiating research 
projects, and providing input on creation of a new $30 million facility. 
Administrative direction of MBCI to identify quality issues in areas 
of cancer care; clinical patient care and teaching activities will also be 
included. Research activities will be at both Carle Foundation Hospital 
in establishing the new research program for the Mills Breast Cancer 
Institute as well as research and teaching in the College of Medicine at 
Urbana-Champaign, in conjunction with a faculty position. The success- 
ful candidate will be a physician and have previous healthcare adminis- 
trative experience; board certification in practicing specialty; and have a 
proven research track record, with demonstrated funding on a national 
level. Champaign-Urbana, Illinois offers the residential advantages of a 
medium-sized university city; excellent cultural opportunities; and easy 
access to Indianapolis, Chicago and St. Louis. 


The starting date will be a mutually agreed upon date on or before May 
2006. For fullest consideration, candidates should submit curriculum 
vitae with a complete list of publications and a summary of research 
interests and future plans, and should arrange to have at least 3 letters of 
reference sent on or before November 15, 2005 to: Founding Director 
MBCI Search, Attn: Cathy Emanuel, (217)383-4505, Carle Founda- 
tion Hospital, 611 W. University Avenue, Urbana, IL 61801. 
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POSITIONS OPEN 


TENURE-TRACK FACULTY POSITIONS 
Biochemistry/All Ranks 
Indiana University 
Bloomington, Indiana 


The Department of Chemistry at Indiana Uni- 
versity has a distinguished record of scientific 
achievement and is in the midst of significant 
additions to its faculty. Several new initiatives are 
underway in Bloomington, Indiana, including the 
construction of a new center for interdisciplinary 
research. We invite applications for tenure-track 
faculty in biochemistry beginning August 2006. 
Successful candidates will possess outstanding cre- 
dentials and be expected to develop a vigorous, 
independent research program. All faculty mem- 
bers contribute to teaching and curricular develop- 
ment. Candidates with interests in all aspects of 
biochemistry but especially areas such as chemical 
biology, structural biology, and proteomics will be 
considered in a new human biology program. 
Individuals of advanced stature with proven per- 
formance in research and teaching are encouraged 
to apply and will be considered at the ASSOCIATE 
or FULL PROFESSOR level. 

Applicants must specify the area or areas in 
which they have special competence and include 
curriculum vitae. ASSISTANT PROFESSOR can- 
didates should include a summary of future research 
plans and arrange to have four letters of recommen- 
dation forwarded to the Department. Review of 
applications will begin upon receipt and will con- 
tinue until the positions are filled. Send applica- 
tions to: 


Chairman, Department of Chemistry 
800 E. Kirkwood Avenue 
Indiana University 
Bloomington, IN 47404 
Fax: 812-856-5050 
E-mail: [chemchair@indiana.ca] 
Indiana University is an Affirmative Action/Equal Oppor- 
tunity Employer and especially encourages applications from 
women and members of minority groups. 


TENURE-TRACK FACULTY POSITION 
Biochemistry and Molecular Biology 


The Department of Biochemistry and Molecular 
Biology at Southern Illinois University Carbondale, 
School of Medicine invites applications for a tenure- 
track position at the ASSISTANT or ASSOCIATE 
PROFESSOR level. The candidate’s research pro- 
gram should be in gene regulation and its involve- 
ment in development or disease. Applicants must 
have an M.D. or Ph.D. in life sciences or related 
area. We will give preference to those with two or 
more years of postdoctoral experience. The ability to 
develop an active, externally funded research pro- 
gram and to contribute to teaching medical and 
graduate students is required. The position is a 12- 
month appointment with a competitive salary, ex- 
cellent facilities, and substantial startup funds. All 
applicants should submit a cover letter, curriculum 
vitae, research plan, and arrange for three letters of 
reference to be sent to: 


Dr. Joseph C. Schmit 
Chair, Department of Biochemistry and 
Molecular Biology 
1245 Lincoln Drive 
Neckers Room 229C 
Southern Illinois University 
School of Medicine 
Carbondale, IL 62901 
E-mail: fschmit@siumed. cd] 

Application review will begin November 1, 2005, 
and continue until the position is filled. 

This is a security-sensitive position. Before any 
offer of employment is made, the University will 
conduct a pre-employment background investiga- 
tion, which includes a criminal background check. 

Southern Illinois University Carbondale is an Equal 
Opportunity /Affirmative Action Employer that strives to 
enhance its ability to develop a diverse faculty and staff and 
to increase its potential to serve a diverse student population. 
All applications are welcomed and encouraged and will receive 
consideration. 
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POSITIONS OPEN 
University of 


’ # Massachusetts 


UMASS. Medical School 


TENURE-TRACK FACULTY POSITION 
Department of Cell Biology 
University of Massachusetts 

Medical School 
Worcester, Massachusetts 


Applications are invited for a tenure-track faculty 
position at the ASSISTANT PROFESSOR level. 
Candidates of outstanding research potential are 
being sought to develop an extramurally funded pro- 
gram within the areas of developmental biology and 
genetics, particularly related to mammalian systems 
(mouse and human) from a cellular perspective and/ 
or as linked to cancer. The position is highly com- 
petitive with regard to salary, startup funds, and new 
laboratory space. 

The University of Massachusetts Medical School 
and Graduate School of Biomedical Sciences are 
undergoing rapid growth. Excellent core facilities, 
including genomics, proteomics, microscopy, digital 
imaging, and transgenic/knockout mice are provided. 
The Department has been ranked among the top cell 
biology research programs in the country. Send letter 
of application with curriculum vitae, statement of ac- 
complishments and research plans, and the names 
and addresses of three references as a PDF file to: 
Dr. Jane B. Lian, Search Committee Chair or 
Dr. Gary S. Stein, Department Chair at e-mail: 
An Equal Opportunity / 
Affirmative Action Employer. 

ASSISTANT PROFESSOR, evolutionary de- 
velopmental biology. Augustana College invites 
applications for a tenure-track position in the De- 
partment of Biology beginning September 2006. 
Duties include teaching two courses each semester. 
These are developmental biology, evolutionary bi- 
ology, team-taught introductory biology courses, 
and possibly a course in the candidate’s specialty 
during our January term. While teaching is a major 
component of the position, productive research in- 
volving undergraduates is expected and is a long- 
standing tradition in the Department. The College is 
situated in an area experiencing rapid growth in 
biomedical, biotech, agricultural, and environmen- 
tal research; offering collaboration opportunities in 
various research areas. Applicants must possess a 
Ph.D. A commitment to the mission of a church- 
related liberal arts college is expected. Visit us at 
website: [http:77www.augie.edu] or contact the 
chair at e-mail: tele- 
phone: 605-274-4712. Salary is competitive and 
dependent upon qualifications. Excellent fringe 
benefits are included. Review of applications will 
begin October 7, 2005. Send a letter of application, 
including goals for teaching and professional devel- 
opment, copies of undergraduate and graduate 
transcripts, curriculum vitae, and three letters of 
reference, and the e-mail addresses and telephone 
numbers of references to: Dr. Bob Kiner, Dean of 
the College, Box 763, Sioux Falls, SD 57197. 
Telephone: 605-274-5545; fax: 605-274-5547. 
Applicants must comply with the Immigration Re- 
form and Control Act, and are required to submit 
official transcripts upon employment. Augustana College 
is an Equal Opportunity /Affirmative Action/Title IX Em- 
ployer. Qualified minority applicants are encouraged to apply. 


UNIVERSITY OF FLORIDA 
One POSTDOCTORAL POSITION is availa- 


ble immediately to study proteins imported into mi- 
tochondria for conversion of cholesterol to steroid 
hormones. Candidates with Ph.D. in molecular cell 
biology or protein biochemistry using spectroscopic 
tools should send curriculum vitae with contact 
information of three references to: Himangshu 
Bose (e-mail: [hbose@ufl.edu), Department of 
Physiology and Functional Genomics, P.O. Box 
100274, University of Florida, Gainesville, FL 
32610-0274. Visit our laboratory at website: 
http://www.med.utl.cdu/phys/hbose.shtml| 


Equal Employment Opportunity Institution. 


POSITIONS OPEN 


ASSISTANT PROFESSOR, cell biology- 
biochemistry. Augustana College invites applica- 
tions for a tenure-track position in the Department 
of Biology beginning September 2006. Duties in- 
clude teaching two courses each semester. These are 
cell biology, biochemistry, team-taught introducto- 
ry biology courses, and possibly a course in the can- 
didate’s specialty during our January term. While 
teaching is a major component of the position, 
productive research involving undergraduates is 
expected and is a long-standing tradition in the De- 
partment. The College is situated in an area ex- 
periencing rapid growth in biomedical, biotech, 
agricultural, and environmental research; offering 
collaboration opportunities in various research areas. 
Applicants must possess a Ph.D. A commitment to 
the mission of a church-related liberal arts college is 
expected. Visit us at website: 
fedu]or contact the chair at e-mail: 
telephone: 605-274-4712. Salary is 
competitive and dependent upon qualifications. Ex- 
cellent fringe benefits are included. Review of ap- 
plications will begin October 7, 2005. Send a letter 
of application, including goals for teaching and pro- 
fessional development, copies of undergraduate and 
graduate transcripts, curriculum vitae, and three 
letters of reference, and the e-mail addresses and 
telephone numbers of references to: Dr. Bob Kiner, 
Dean of the College, Box 763, Sioux Falls, SD 
57197. Telephone: 605-274-5545; fax: 605- 
274-5547. Applicants must comply with the Im- 
migration Reform and Control Act, and are required 
to submit official transcripts upon employment. 
Augustana College is an Equal Opportunity/Affirmative 
Action/Title IX Employer. Qualified minority applicants are 
encouraged to apply. 


ASSISTANT PROFESSOR OF STRUCTURAL 
BIOLOGY 
Department of Structural Biology 
Stanford University 
School of Medicine 


Applications are invited for a tenure-track junior 
faculty appointment in the Department of Struc- 
tural Biology, Stanford University School of Med- 
icine. Website: [http:/7www.med.stanford.edu/] 
school/structuralbio/] 

Candidates must have a Ph.D. and have expertise 
and a commitment to future research in the broad 
area of structural biology and biophysics. The pre- 
dominant criterion for tenure-track University ap- 
pointment is a major commitment to research and 
teaching. Applicants should send curriculum vitae, 
description of research interests and future research 
goals, representative reprints, and the names of three 
references to: 


Chair, Faculty Search Committee 
Department of Structural Biology 
Stanford University 
School of Medicine 
299 Campus Drive West 
D105 Fairchild Building 
Stanford, CA 94305-5126 


Evaluation of applications will begin on Novem- 
ber 15, 2005; applications received after this date 
may not receive full consideration. Stanford University 
is an Equal Opportunity /Affirmative Action Employer. 


POSTDOCTORAL POSITION 
NANOFABRICATION 


A Postdoctoral position is available to use genet- 
ically engineered polypeptides that can selectively 
recognize and bind to inorganics for the self- 
assembly of nanoscale electronic devices. The pre- 
ferred background for this exciting multidisciplinary 
project is physical chemistry, biochemistry, or elec- 
trical engineering, but all candidates with interest 
in crossing the conventional boundaries of these 
fields will be considered. Please send a complete 
curriculum vitae, a brief description of career goals, 
and the names of three references to: Dr. Babak 
Parviz, Campus Box 352500, Department of 
Electrical Engineering, University of Washing- 
ton, Seattle, WA 98195, U.S.A. E-mail: 
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faculty Position in 
acromolecular 
Crystallography 


The Wistar Institute, an independent non-profit 
research institute with a primary focus on cancer 
research, is seeking outstanding candidates for the 
rank of Assistant (or possibly Associate) Professor. 


The successful candidate is expected to develop a 
vigorous, independent, extramurally funded 
research program addressing contemporary 
biomedical problems. Preference will be given to 
candidates who can combine biochemical and/or 
biophysical techniques with X-ray crystallography, 
to study mechanisms of protein and/or nucleic 
acid function in areas complementing existing 
programs in Gene Expression and Regulation, 
Molecular and Cellular Oncogenesis, and 
Immunology. The Wistar Institute is an NCI-desig- 
nated Basic Cancer Center. Its Core grant supports 
several facilities, including proteomics, protein 
expression, genomics, microarray, bioinformatics 
and microscopy facies [WW.wsta 7] . The 
Institute’s location on the Universi y ) 
Pennsylvania campus provides convenient access 
to abundant academic resources, including gradu- 
ate and undergraduate students and many 
potential academic and clinical collaborators. 


Highly competitive laboratory start-up support, 
salary, and fringe benefits will be offered. 
Candidates should have a Ph.D., M.D. or an equiv- 
alent degree, and advanced training in structural 
biology. ee should submit a curriculum 
vitae, brief summary of past and future research 
interests, and the names of three references to: 
Ronen Marmorstein, Ph.D., Search Committee 
Chair, The Wistar Institute, 3601 Spruce Street, 
Philadelphia, PA 19104; e- mail: 
tar.org] Electronic applications are preferred. 
Applications will be accepted through October 15, 
2005. EOE/AA/M/EF/D/V. 


IY THE WISTAR INSTITUTE 


RESEARCH INSTITUTE 


COLUMBUS 
4 , 


® 


FACULTY POSITION 
IN 


COLLEGE OF 


MEDICINE 
PEDIATRIC INFECTIOUS DISEASES = “22, UBLIC 
Henry G. Cramblett Chair in Medicine 


Columbus Children’s Research Institute and The Department of Pediatrics at The Ohio State Univer- 
sity seek an outstanding MD or MD/PHD scientist to hold the Henry G. Cramblett Chair in Medicine. 
Candidates must have a distinguished record of research accomplishment and experience in the care 
of pediatric infectious diseases. It is anticipated that the position will be filled at the Professor level. 
Excellent research space and facilities are available at Columbus Children’s Research Institute on 
the campus of Columbus Children’s Hospital. Exceptional opportunities exist for collaboration in 
the Center for Microbial Pathogenesis and the Center for Vaccines and Immunity based at Columbus 
Children’s Research Institute and the Center for Microbial Interface Biology located on The Ohio 
State University campus. 


Columbus Children’s Research Institute is a 300,000 sq ft dedicated research facility with more 
than 90 full-time research faculty and an ambitious plan to continue the exciting growth trajectory 
established in recent years. The Institute is equipped with a state-of-the-art mouse facility and DNA 
sequencing, informatics, histopathology, transgenic, microarray, ES cell, and viral vector cores. Joint 
appointments in graduate departments of The Ohio State University are available. 


For more information, please visit our websites atlwww.ccri.netjand| http://www.medicine.osu.edu 


Address correspondence and curriculum vitae to: 


John Barnard, MD 
Columbus Children’s Research Institute 
700 Children’s Drive 
Columbus, OH 43205 
Phone: (614) 722-2880 FAX: (614) 722-5892 


E-mail: [BarnardJ(@ecrine] 


4 Columbus Children’s Hospital, Inc. and The Ohio State University are Equal Opportunity/ 
Affirmative Action Employers. Women, minorities, veterans, and individuals with disabilities 


are encouraged to apply. 


DEPARTMENT HEAD 
Neuroscience and Experimental Therapeutics 
College of Medicine 
The Texas A&M University System 
Health Science Center 


The Texas A&M University System Health Science Center College of Medicine, 
invites applications and nominations for the position of Head, Department 
of Neuroscience and Experimental Therapeutics. The Head will assume the 
leadership of a newly realigned department, and thus will have the opportunity 
to direct its development, including the recruitment of new faculty to build 
upon current research and teaching strengths within the Department and Col- 
lege. These include a flourishing multidisciplinary basic and clinical neurosci- 
ences group. New research space will become available in January 2006 on 
a competitive basis. In addition, commitment to a new research building is 
the number one legislative priority of the College and Health Science Center, 
presenting an exciting and unique opportunity for the new Head. The successful 
applicant should possess the following: (1) a doctorate in the Neurosciences 
or related fields and/or a MD degree; (2) an established record of exemplary 
research achievement; (3) a reputation for effective interpersonal and leadership 
skills; and (4) a strong commitment to excellence and innovation in medical 
education. The Head will guide and facilitate the continued development of 
programs/centers of excellence that will further enhance the national reputation 
of the Department and College. This necessarily includes fostering research 
collaborations within the College and its clinical academic partners, Scott & 
White Memorial Hospital & Clinic and the Central Texas Veterans Health 
Care System, as well as other components of the Health Science Center and 
The Texas A&M University System. Applications from female and minority 
candidates are strongly encouraged. Review of applications will begin as they 
are received. 


Applicants should submit a current curriculum vitae and a statement of adminis- 
trative philosophy, research goals and teaching interests, along with names and 
addresses of at least four references to: Dr. Kelly Hester, Associate Dean for 
Academic Affairs, The Texas A&M University System College of Medicine, 
164 Reynolds Medical Building, College Station, TX 77843-1114. The Col- 
lege of Medicine’s website is |http://medicine.tamhsc.edu] 


The Texas A&M University System Health Science Center is an Affirmative 
Action/Equal Opportunity Employer. 


THE UNIVERSITY 
OF lOWA 


GENETICS 
Department of Biological Sciences 
The University of lowa 


Applications are invited for a tenure-track position at the Assistant Pro- 
fessor level. We are seeking candidates that are addressing fundamental 
problems in genetics at the molecular, cellular, organismal, or popula- 
tion level. We invite individuals working on plant, animal, fungal or 
microbial systems to apply. The Department has seen significant growth 
over the last five years, including establishment of the Roy J. Carver 
Center for Comparative Genomics, and additional growth is anticipated 
during the next five years. More about the Department and the Center 


for Comparative Genomics may be viewed at/www.biology.uiowa.edu 
and[www. biology.uiowa.edu/ccg 


Candidates must have post-doctoral experience and a recognized record 
of accomplishment as reflected in publications in leading journals. The 
successful candidate will be expected to establish and maintain an extra- 
murally funded research program and participate in the department’s 
teaching mission. Recently renovated space and a competitive start-up 
package will be made available. Applicants should send a curriculum 
vitae, statement of research objectives, selected reprints, a description of 
teaching interests, and the names of three references to: Genetics Search 
Committee, c/o Becky Birch, Department of Biological Sciences, 143 
Biology Building, The University of lowa, Iowa City, [A 52242-1324. 
Review of applications will begin November 1, 2005 and continue until 
the position is filled. 


The University of Iowa is an Affirmative Action/Equal Opportunity 
Employer. Women and minority candidates are especially encouraged 
to apply. 
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POSITIONS OPEN 


FACULTY POSITION, VIROLOGY 
Department of Microbiology and Immunology 
University of Oklahoma Health Sciences Center 

Oklahoma City, Oklahoma 


The Department of Microbiology and Immunol- 
ogy at the University of Oklahoma (OU) Health 
Sciences Center invites applications for a 12-month, 
tenure-track position at the ASSISTANT or AS- 
SOCIATE PROFESSOR level with emphasis in 
cancer virology. Applicants for the Assistant Profes- 
sor position must have a Ph.D. or equivalent degree 
with at least two years of postdoctoral training. At 
the Associate Professor level, the successful candi- 
date is expected to have an independent extramurally 
funded research program. Although outstanding 
scientists in all areas of virology are encouraged to 
apply, special consideration will be given to those 
applicants whose research focus is related to the viral 
etiology of cancer. The successful candidate will 
join a well-funded interdisciplinary group of virolo- 
gists and will also have opportunities to interact with 
other scientists involved in cancer research and 
contribute to the scientific development of the new 
OU Cancer Center. Teaching responsibilities will 
involve participation in the virology portions of the 
team-taught graduate, medical, and dental curricu- 
la within the Department. The Department current- 
ly has 13 full-time, tenured, or tenure-track faculty, 
more than 40 extramural grants and contracts, 
and ranks in the top 20 NIH-sponsored medical 
school microbiology departments. For an overview 


of the Department, visit our website: [heep:/7] 
lw3.ouhsc.edu/mi] Submit curriculum vitae, de- 


scription of research interests and teaching expe- 
rience, and the names and contact information, 
including e-mail addresses, of three references to 
e-mail: [virology-search@ouhsc.edu] or mail in- 
formation to: ommittee, De- 
partment of Microbiology and Immunology, 
BMSB-1053, 940 S. L. Young Boulevard, Okla- 
homa City, OK 73104. Applications will be re- 
viewed as they are received. The University of Oklahoma 
is an Equal Opportunity/Affirmative Action Employer. 
Applications from women and ethnic minorities are strongly 
encouraged. 


BIOINFORMATICS POSITION. Tenure- 
track ASSISTANT PROFESSOR level position, 
University of Nebraska-Lincoln Department of 
Statistics. Start January 2006 or later (negotiable), 
pending final approval. Ph.D. in statistics. Empha- 
sis on bioinformatics /biotechnology. Outstanding 
research/teaching potential. Applicants should com- 
plete the faculty administrative information at 


website: Application 


uaienalk required < address at website: 
Review of applica 
tions “Begins ctober , and continues until 
a suitable candidate_is ‘ound or search is_closed. 
More at website: The 
University of Nebraska is eer to a pluralistic campus 
community through Affirmative Action and Equal Opportuni- 
ty, and is responsive to the needs of dual career couples. We 
assure reasonable accommodation under the Americans with 
Disabilities Act: contact Barbara Pike at telephone: 402-472- 
7214 for assistance. 


POSTDOCTORAL FELLOWSHIPS in Neu- 
robiology of Disease at University of California, 
Davis. Postdoctoral fellowships are available imme- 
diately, Department of Neurology and the Neuro- 
sciences graduate program at the University of 
California at Davis. Projects include genomic/ 
microarray studies of stroke and intracerebral hem- 
orrhage; neurogenesis following stroke; cell death 
and survival signaling pathways following stroke; 
and blood genomics of neurological diseases. Ani- 
mal surgery experience, molecular biology skills, 
and computer and writing skills are essential. Send 
curriculum vitae and names and addresses of three 
references to: Frank R. Sharp, M.D., Department 
of Neurology, MIND Institute, University of 
California at Davis, 2805 50th Street, Sacra- 
mento, CA 95817. E-mail:[frsharp@ucdavis.edul. 
The University of California is an Affirmative Action/Equal 
Opportunity Employer. 


1624 


FRED HUTCHINSON 
CANCER RESEARCH CENTER 


FACULTY POSITION 

The Fred Hutchinson Cancer Research Center 
is recruiting a faculty physician/scientist (M.D. or 
M.D./Ph.D.) with active laboratory research and 
clinical expertise in a breast cancer-related disci- 
pline. Candidates with translational research inter- 
ests and a desire to join a strong cross-disciplinary 
research team in breast cancer are encouraged. Can- 
didates at ASSISTANT, ASSOCIATE, or FULL 
MEMBER levels will be considered. The primary 
appointment will be in the Clinical Research Divi- 
sion of the Fred Hutchinson Cancer Research 
Center. If desired, a joint appointment may be made 
to other divisions at the Center and to the full-time 
faculty in an appropriate department at the Univer- 
sity of Washington. Interested individuals should 
forward their curriculum vitae, including a research 
plan and the names of five references, to: Suzanne 
Lentz, Fred Hutchinson Cancer Research Center, 
1100 Fairview Avenue N., mail stop: C1-015, 
P.O. Box 19024, Seattle, WA 98109. The closing 
date for applications is December 15, 2005. 

The Fred Hutchinson Cancer Research Center is an 
Affirmative Action, Equal Opportunity Employer. We are 
dedicated to building a culturally diverse faculty and strongly 
encourage applications from women, minorities, individuals 
with disabilities, and covered veterans. 


AQUATIC PLANT BIOLOGIST 
TENURE-TRACK ASSISTANT PROFESSOR 
Colgate University 


We seek a tenure-track Assistant Professor to start 
August 2006. Ph.D. or expectation of completion 
this academic year required; teaching and _ post- 
doctoral research experience desirable. The suc- 
cessful candidate will contribute to a foundation 
course in evolution, ecology, and diversity, teach 
elective courses in their specialty and contribute to 
interdisciplinary and University-wide programs, in- 
cluding environmental studies. The appointee will 
join a biology faculty deeply committed to a strong, 
research-oriented program involving undergrad- 
uate students and will add to this effort by offering 
a research tutorial in their area of interest. Please 
forward a letter of application with curriculum vi- 
tae, transcripts, and separate statements of teaching 
philosophy and research interests to: Dr. Randy 
Fuller, Department of Biology, Colgate Univer- 
sity, 13 Oak Drive, Hamilton, NY 13346-1398 
and also arrange to have three letters of recommen- 
dation sent to this address. Review of applications 
will begin October 7, 2005, and continue until the 
position is filled. We intend to begin interviewing 
candidates by the end of October. Colgate University is 
an Equal Opportunity/Affirmative Action Employer. Devel- 
oping and maintaining a diverse faculty and staff further the 
University’s academic mission. Women and minorities are es- 


pecially encouraged to apply. 


The Department of Chemistry and Biochemistry 
at The University of Texas at Austin is seeking to 
expand its faculty with the addition of two tenure- 
track ASSISTANT PROFESSOR positions start- 
ing September 1, 2006. We seek the best candidates 
with interests in teaching and research. Applicants 
with expertise in the areas of bioanalytical chemistry 
and structural biology (X-ray or nuclear magnetic 
resonance) are particularly encouraged to apply. 
Exceptional candidates in other areas and at other 
ranks may also be considered. Visit website:[http:/7/] 
for further information. Appli- 
cations should be received by October 1, 2005, for 
full consideration. Candidates should forward cur- 
riculum vitae, a description of future research plans, 
a statement of teaching philosophy, and three letters 
of reference to: Biochemistry Faculty Search 
Committee, Department of Chemistry and Bio- 
chemistry, The University of Texas at Austin, 1 
University Station A5300, Austin, TX 78712- 
0165. Equal Opportunity /Affirmative Action Employer. 


POSITIONS OPEN 


ASSISTANT PROFESSOR 
BIOLOGY 


Full-time, tenure-track Biologist. Responsibili- 
ties include courses in human biology, human 
anatomy and physiology, developmental biology, 
and an advanced-level course. Must have a Ph.D. 
and commitment to excellence in teaching; teaching 
and a focus on student learning are primary duties of 
faculty. Department offers collegial work envi- 
ronment and relatively small classes. Research, 
particularly projects involving undergraduates, is 
encouraged. Tenure-track faculty are eligible for a 
one semester sabbatical during their first three years 
to carry out research and other preparations for 
tenure review. Start date is January 2006 (preferable) 
or September 2006, pending budget approval. 

Forward cover letter, curriculum vitae, transcripts, 
statement of teaching philosophy, long-term goals, 
and three letters of reference. Screening will begin 
September 30, 2005, and will continue until the 
position is filled. Additional information on the 
Department at website: 
ledu] Send materials to: 

Dr. David Doe 
Chair, Biology Search Committee 
Department of Biology 
Westfield State College 
577 Western Avenue 
Westfield, MA 01086-1630 

Women, persons of color, and persons with disabilities are 
encouraged to apply. Affirmative Action/Equal Opportunity 
Employer. 


Two TENURE-TRACK positions at the AS- 
SISTANT PROFESSOR level for (A) a physiolo- 
gist and (B) a vertebrate zoologist. (A) Must have a 
Ph.D. in biology, physiology, or zoology with an 
emphasis in physiology. Must be qualified to teach 
upper-level human physiology, human anatomy- 
physiology to nursing students, and advanced 
courses in specialty of interest. (B) Must have a 
Ph.D. in biology, zoology, or wildlife biology with 
an emphasis in vertebrate zoology. Must be qualified 
to teach herpetology or ichthyology or mammalogy, 
and human anatomy-physiology to nursing students, 
comparative vertebrate zoology, and advanced 
courses in specialty of interest. Postdoctoral experi- 
ence preferred. Must participate in graduate pro- 
gram and establish a modest research program. 
Salary commensurate with experience. Review of 
applicants will begin immediately, with a deadline of 
October 10, 2005, or until position is filled. Starting 
date: August 2006. Applicants should send applica- 
tion materials to address below. To_access_more 
information, click here _at_website: 
application, curriculum vitae, transcripts, three let- 
ters of recommendation, and a statement of teach- 
ing and research philosophies and career objectives 
to: Dr. Don A. Hay, Chair, Department of Bi- 
ology, Box 13003, Stephen F. Austin State 
University, Nacogdoches, TX 75962-3003. Tele- 
phone: 936-468-3601. E-mail: 
Applications subject to disclosure under Texas Open 
Records Act. Security-sensitive position: Criminal 
background check required for successful candidate. 
Equal Opportunity /Affirmative Action Employer. 


POSTDOCTORAL FELLOW 


The Basic Science Research Group in the De- 
partment of Dermatology at Columbia University 
seeks to hire a Postdoctoral Fellow to contribute 
to ongoing projects to study the mechanism of 
ultraviolet-induced cell cycle alterations and signal 
transduction in skin tumorigenesis. Applicants 
should have a Ph.D. degree or equivalent in bio- 
logical or related fields with strong background in 
molecular biology, general laboratory techniques, 
experience in manipulation of mice. Send curricu- 
lum vitae and three references to: Mohammad 
Athar, Ph.D./David R. Bickers, M.D., 630 West 
168th Street, VC 15-204, New York, NY 10032. 
E-mail:[ak309@columbia.edus fax: 212-305-7391. 

We take Affirmative Action toward Equal Employment 
Opportunity. 
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Faculty Position 


The Molecular Biology Program of the Sloan-Kettering Institute, 
Memorial Sloan-Kettering Cancer Center [Gww.ski.edd), has 
initiated a faculty search at the Assistant Member level (equivalent 
to Assistant Professor). We are interested in outstanding individuals 
who have demonstrated records of significant accomplishment and 
the potential to make noteworthy contributions to the biological 
sciences as independent investigators. Successful applicants will 
have research interests that move the Program into exciting new 
areas that complement and enhance our existing strengths in the 
areas of maintenance of genomic integrity, regulation of the cell 
cycle, and regulation of gene expression. Faculty will be eligible to 
hold appointments in the newly established Gerstner Graduate 
School of Biomedical Sciences, as well as the Weill Graduate School 
of Medical Sciences of Cornell University. 


Candidates_should e-mail their application in PDF format to 
|molbio@mskcc.org|by November 1, 2005. The application should 
include a Curriculum Vitae, a description of past research, a 
description of proposed research, and representative publications. 
Candidates should arrange to have three letters of reference sent by 
mail to Dr. Kenneth Marians, c/o Steven Cappiello, Box 193, 
Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New 
York, New York 10021. The letters should arrive by November 1, 
2005. The application may be sent by regular mail, but in that case 
should include a CD containing the application in PDF format. 
Inquiries may be sent to Mr. Cappiello oe ee oa to 
Dr. Kenneth Marians, Chair, Molecular Biology Program, 


kmarians@sloankettering.edul 


Memorial Sloan-Kettering is an Equal Opportunity Employer. 
Smoke-free environment. 
Memorial Sloan-Kettering Cancer Center 
The Best Cancer Care. Anywhere. 
-mskcc.org 


The University of Texas 
at Austin 


Proteomics Specialist/Mass Spectrometrist 


Department of Chemistry and Biochemistry 
The Institute for Cellular and Molecular Biology 


The Mass Spectrometry Facility of the Department of Chemistry 
and Biochemistry and the Institute for Cellular and Molecular 
Biology at the University of Texas at Austin currently has two 
openings for Ph.D. level mass spectrometrists with experiences 
in MALDI TOF-TOF, Q-TOF, and/or FTICR MS analysis of 
proteins, protein modifications, and bioinformatics. A Ph.D. in 
Chemistry or Biological Sciences is required. Hands-on experi- 
ence in various top-down and bottom-up proteomics techniques 
utilizing multidimensional separation in conjunction with MS, 
and sample preparation for MS analysis is essential. These are 
professional staff positions, but there is a significant opportu- 
nity for participation in on-going research at the university. 


Please send a cover letter with your curriculum vitae and the 
names of three references to: 


Dr. Medhi Moini 

Department of Chemistry and Biochemistry 
The University of Texas at Austin 

1 University Station A5300 

Austin, TX 78712 


Email address: |mmoini@mail.utexas.ed 


Homepages * e (http: 77 www.icmb-utexas.edul 
The University of Texas at Austin is an Equal Opportunity Employer 
Qualified women and minorities are encouraged to apply 


Careers 
at La Trobe 


www.latrobe.edu.au/jobs/ 


Lecturer/Senior Lecturer in 
Genetics 


Full-time, continuing (Level B/Level C) position in the School of 
Molecular Sciences, Department of Genetics 


Applicants with a background in molecular ecology/evolution- 
ary genetics will be favoured. 


Remuneration package of $66,547 to $79,024 per annum 
(Level B) and $81,517 to $93,997 per annum (Level C), which 
includes 17% employer superannuation. 


Reference no: 50000676 
Campus: Bundoora 
Closing date: Close of Business, Friday, 16 September 2005 


Applicants must obtain a position description and details of how to apply by 
visiting our website or Email: jobs@lafrobe.edu.aujor telephone (03) 9479 1365, 
quoting appropriate position numbers. 

La Trobe University is an Equal Opportunity Employer. 


“LA TROBE 
ey MIU NIVERSITY 


La Trobe. The right choice for you. 


Department of Pharmacology 
University of Minnesota Medical School 
TENURE/TRACK POSITION 
(Assistant Professor, Associate Professor, Professor) 


The Department of Pharmacology at the University of Minnesota invites 
applications for a tenure/track faculty position at the rank of Assistant 
Professor, Associate Professor or Professor. The successful candidate 
will be expected to develop innovative, competitive research programs 
supported by extramural funding and to participate in teaching under- 
graduate, graduate and professional courses. Applicants using molecular, 
biochemical, cellular or integrative approaches to study problems relevant 
to pharmacological sciences are encouraged to apply. Requirements for the 
Assistant Professor position include a Ph.D. in Pharmacology or other 
basic biomedical science, and/or an M.D. degree, and at least 3 years of 
relevant postdoctoral research experience. Applicants must have a strong 
record of research accomplishments, as documented by publications in 
leading peer-reviewed journals. Associate Professor or Professor appli- 
cants must have professional distinction in published research, teaching 
and evidence of consistent extramural funding for research. 


Applicants should clearly indicate the rank for which they are applying. 
Send curriculum vitae, reprints of important publications, a brief statement 
of research plans and contact information for 3 references to: 
Search Committee 
Department of Pharmacology 
University of Minnesota 
6-120 Jackson Hall 
321 Church Street S.E. 
Minneapolis, MN 55455-0217 
Email: [phelac@ummn.edu] 
Website: [www-pharmacology.med, umin.edu] 


Position will remain open until filled. 


The University of Minnesota is an Equal Opportunity Educator/ 
Employer and offers an excellent academic research environment. 
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POSITIONS OPEN 


ANIMAL ECOLOGY 
University of Wyoming 

The Department of Zoology and Physiology at 
the University of Wyoming invites applications for a 
tenure-track position in animal ecology beginning 
August 2006 at the level of ASSISTANT PRO- 
FESSOR, or at a higher rank for an individual with 
an outstanding research and funding record. Re- 
search interests can involve any aspect of animal 
ecology, although a focus on spatial aspects of 
population dynamics and habitat use would comple- 
ment existing areas of expertise in our Department. 
Applicants should have peer-reviewed publications 
and evidence of teaching potential. Teaching respon- 
sibilities include an introductory course in either 
general biology, ecology, or fisheries and wildlife 
biology plus an upper-division course in the can- 
didate’s area of expertise. Teaching responsibilities 
also include supervision of graduate student re- 
search. The candidate will be expected to advise 
undergraduates in our wildlife and fisheries biology 
major and to develop an extramurally funded re- 
search program. Ph.D. required for faculty rank. 

Review of applications will begin on October 7, 
2005. Applicants should send curriculum vitae and 
statements of research and teaching interests, and 
should arrange to have three letters of reference sent 
to: Chair, Animal Ecology Search Committee, 
Department of Zoology and Physiology, Depart- 
ment 3166, 1000 E. University Avenue, Universi- 

of Wyoming, Laramie, WY 82071. Website: 
The Uni- 


| uwadmnweb.uwyo.edu/Zoology 
ain of Wyoming is an Affirmative Action/Equal Opportunity 
Employer. 


SYSTEMS NEUROSCIENTIST 

The University of Texas at Dallas 
The Cognition and Neuroscience Program of the 
School of Behavioral and Brain Sciences at The 
University of Texas at Dallas (UTD) seeks a Systems 
Neuroscientist whose research interests directly ad- 
dress issues of plasticity in nervous systems. This in- 
dividual will add to our multidisciplinary research 
programs investigating sensory systems, neural plas- 
ticity, aging, computational_and_neural_modeling 
memory, ctc. (see website: 
}. Appointment is tenure track at the 
A TA T (or, if qualified, ASSOCIATE) 
PROFESSOR level, beginning in the 2006 aca- 
demic year. For information (no e-mail applica- 


tions), contact: Dr. Aage Moller, Neuroscience 
Search Chair (e-mail: . We 
have a strong and growing undergraduate (B.S.) 


and graduate (Ph.D.) program, with top academic 
ratings, excellent research facilities, and competi- 
tive startup packages. Send curriculum vitae and 
three letters of reference to: Academic Search 
#580, The University of Texas at Dallas, P.O. 
Box 830688—AD23, Richardson, TX 75083- 
0688. Indication of sex and ethnicity for Affirmative Action 
statistical purposes is requested as part of the application but not 
required. UTD is an Affirmative Action/Equal Opportunity 
Employer and strongly encourages applications from candidates 
who would enhance the diversity of the University’s faculty. 


SCIENTIFIC DIRECTOR, Damon Runyon 
Cancer Research Foundation. Nationally respected 
nonprofit committed to supporting young, basic, 
and clinical investigators in cancer research seeks 
Scientific Director to oversee its grant programs 
(currently $11 million), serve as liaison to the 
scientific community, and develop communications 
and participate in activities to promote awareness 
about the Foundation. Ph.D., M.D., or equivalent 
advanced scientific degree, experience with research 
grant processes, and outstanding oral and written 
communications skills required. Position description 
can be viewed at website: 
Please submit a letter of application and curricu- 
lum vitae to: Lorraine Egan, Damon Runyon 
Cancer Research Foundation, 675 Third Avenue, 
New York, NY 10017. Or e-mail: [lorraine.egan@] 
jarcrr.Org} 
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POSITIONS OPEN 


FACULTY POSITIONS 
DEPARTMENT OF ECOLOGY AND 
EVOLUTIONARY BIOLOGY 
DEPARTMENT OF BIOCHEMISTRY AND 
MOLECULAR BIOPHYSICS 
University of Arizona 


Two TENURE-TRACK POSITIONS are avail- 
able as part of a new initiative in genome-based mi- 
crobial science at the University of Arizona. We are 
searching for applicants with independent research 
programs within each of two broad areas: (1) mi- 
crobial evolution and/or ecology, including empha- 
ses such as comparative genomics, evolution and 
ecology of infectious disease agents, or environ- 
mental genomics, and (2) protein structure and func- 
tion on a genomic scale, including systems biology 
and proteomics in microbial systems. In both posi- 
tions, computational and/or experimental research 
programs are welcome. Research organisms can be 
bacterial, archaeal, or eukaryotic. The positions may 
begin as early as January 2006. Curriculum vitae 


and statements of research and teaching interests 
must be submitted online at sebsite ER] 
[uacareertrack.com, The first position (#33412) will 
be in the Department of Ecology and Evolution- 
ary Biology (EEB). Three letters of recommenda- 
tion should be sent to: Amanda Burke, Microbial 
Genomics Search, EEB Department BSW 310, 
1041 E. Lowell, University of Arizona, Tucson 
AZ 85721. The second position (#33450) will be 
in the Department of Biochemistry and Molecular 
Biophysics (BMB). Three letters of recommenda- 
tion should be sent to: Margaret Gomez, Micro- 
bial Genomics Search, BMB Department BSW 
362B2, 1041 E. Lowell, University of Arizona, 
Tucson AZ 85721. Applicants may apply to both 
positions. Review of applications will begin October 
14, 2005, and continue until position is filled. The 
University of Arizona is an Equal Employment Opportunity/ 
Affirmative Action Employer. Minorities/Women/Persons with 
Disabilities / Veterans. 


ASSOCIATE CHIEF OF STAFF 


The Department of Veterans Affairs Northern 
California Health Care System is currently recruiting 
for a full-time Associate Chief of Staff for Research 
and Development (ACOS/R&D), to head its re- 
search program. VA Northern California is an in- 
tegrated health care system, which provides a full 
range of health care services to veterans in Northern 
California. VA Northern California has two major 
campuses and nine locations in the Northern 
California area. Clinical and nonclinical research is 
conducted at our two main campuses located at 
Sacramento and Martinez, California. The Sacra- 
mento campus is the site of our new medical center, 
which includes 16,000 square feet of basic research 
laboratory space and a nine-bed, 8,000 square foot 
NIH-funded General Clinical Research Center in 
collaboration with University of California, Davis 
(UCD). Applicants for the ACOS/R&D position 
must have an M.D. and/or Ph.D. degree. The 
successful candidate is expected to maintain an 
outstanding research program and _ facilitate the 
growth of new and existing intramural research 
programs as well as building interdisciplinary col- 
laborations with researchers at our affiliate, UCD. 
The selected applicant will be provided research 
space at the VA Sacramento campus. Candidates 
should possess previous experience in administrative 
or leadership positions, preferably in the VA, a 
record of research excellence, and be eligible for 
academic appointment at the level of Associate Pro- 
fessor or Professor at our university affiliate, UCD. 
Candidates should forward a letter of interest de- 
scribing their research and teaching background and 
current interests, curriculum vitae, reprints of three 
publications, and names and addresses of at least 
three references to: VA Research Office, Attn: 
ACOS Search Committee, 10535 Hospital Way, 
Mather, CA 95655. For full consideration applica- 
tions must be received by October 11, 2005. VA is 
an Equal Opportunity Employer. 


POSITIONS OPEN 


FACULTY POSITIONS 
Department of Chemistry 
Boston College 


Applications are invited for two tenure-track fac- 
ulty positions, effective September 2006. Areas of 
interest include, but are not limited to: experimental 
physical, theoretical, materials, analytical, organic, 
inorganic, and biological chemistry, as well as related 
interdisciplinary areas. Successful applicants are 
expected to establish a prominent, externally funded 
research program and will join a department of ap- 
proximately 100 doctoral students, 25 postdoctoral 
fellows, and an internationally recognized faculty. 
Boston College is located in a residential community 
bordering Boston, Massachusetts, and within 20 
minutes of the other major universities in the 
Boston/Cambridge area. Applicants at the begin- 
ning Assistant Professor level should indicate their 
area or areas of research and their teaching interests 
by submitting both a detailed research plan and a 
brief statement of teaching interests, along with their 
curriculum vitae and a summary of previous research 
accomplishments. In addition, applicants should 
arrange to have three letters of reference trans- 
mitted. Established investigators should send a letter 
of application and appropriate supporting materials. 
All materials should be sent to: Chair, Faculty 
Search Committee, Department of Chemistry, 
Boston College, Chestnut Hill, MA 02467- 
3860. The application deadline is October 15, 
2002. Website: Fax: 
617-552-2705. Boston College, a university of 14 schools 
and colleges, is an Equal Opportunity Employer and supports 
Affirmative Action. 


ASSISTANT PROFESSOR 


The Department of Physiological Sciences, Col- 
lege of Veterinary Medicine, Oklahoma State Uni- 
versity (OSU), invites applications for a tenure-track 
position at the rank of Assistant Professor (Ph.D.) in 
physiology, cell biology, pharmacology or toxicolo- 
gy. Primary responsibilities include development of 
an extramurally supported research program and 
participation in the Veterinary Biomedical Sciences 
graduate program. Interested individuals should 
submit an application including curriculum vitae, 
statement of professional goals, and names of three 
references to: Dr. Carey Pope, Interim Head, De- 
partment of Physiological Sciences, 264 McElroy 
Hall, Center for Veterinary Health Sciences, 


Stillwater, OK 74078-2014. Telephone: 405- 
744-6257; e-mail: To 
ensure full consideration, applications should be 


received by November 1, 2005. Review of appli- 
cations will continue until a suitable candidate is 
identified. OSU is an Equal Opportunity /Affirmative 
Action Employer that encourages applications from members 
of minority groups. 


ENVIRONMENTAL BIOTECHNOLOGY 


The Cooperative Institute for Marine and Atmo- 
spheric Studies (CIMAS) of the University of Miami 
invites applications for two POSTDOCTORAL PO- 
SITIONS to work with scientists at the Rosenstiel 
School for Marine and Atmospheric Science (RSMAS) 
and the National Oceanic and Atmospheric Admin- 
istration Atlantic Oceanographic and Meteorological 
Laboratory (AOML). The successful applicants will 
develop rapid methods for detection, quantification, 
and source tracking of aquatic fecal contamination. 
One applicant will develop Luminex technology and 
the other will develop portable and in-situ electro- 
chemical biosensors to detect nucleic acid signatures 
in coastal waters. The positions require solid molec- 
ular biology skills and the ability to develop and test 
novel molecular methods and instruments. Excellent 
oral and written communication and effective collab- 
oration with multiple partners is required. Positions 
require a Ph.D. degree in molecular biology, envi- 
ronmental science, or related field. Please apply on- 
line at website: 
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vi 


Post your meeting or announcement ad directly 
to our website. It is quick, easy, and economical. 


Rate: $299 per posting (commissionable to 
approved ad agencies). Credit card orders only. 


Duration: Your ad will remain up until the end 
date of the meeting or one year, whichever 
comes first. It will be included in our searchable 
database within one business day of posting. 


Specs: You can also include a hyperlink back 
to your website or your event information. 


Visit:/(www.ScienceMeetings.org]and click on 


Post your Meeting or Announcement or contact 
your Sales representative. 


MEETINGS AND ANNOUNCEMENTS 


Go to www.ScienceMeetings.org 


U.S. Kathleen Clark 
phone: 510-271-8349 


e-mail: /kclark@aaas.org 


Europe and International 
Tracy Holmes 
phone: +44 (0) 1223 326 500 


e-mail:|jads@science-int.co.u 


Science 


POSITIONS OPEN 


POSTDOCTORAL 
POSITION 


Identifying human genes essential for 
HIV-1 replication and Developing 
RNA inhibitors of HIV-1. A postdoctoral 
position is available immediately to work in 
exciting HIV research projects. One project is on 
identifying human genes that are essential to 
HIV replication. The candidate will characterize 
the specific step in which the human protein 
participates and delineating the molecular 
mechanisms involved. The second project is on 
developing RNA aptamers directed to HIV-1 RT, 
Tat, Rev and other vital targets. This basic 
research project is aimed at measuring efficacy, 
understanding resistance, delineating the 
mechanism of action and ultimately geared 
towards bringing the aptamers to the clinic. 
Individuals interested in learning more, 
an ne anorarory WeD ear 

Candidates must have experience in more than 
one of the following areas: Molecular Biology, 
Virology, Nucleic acid/Protein biochemistry and 
Cell Biology. Candidates with at least 2 years of 
Postdoctoral research experience are preferred. 
Selected candidates are expected to develop their 
own research projects in 2-3 years (independent 
or mentored). 


Interested individuals should directly email their 
curriculum vitae and names of three references 


to: |[Prasad@aecom.yu.edu, Albert Einstein 
College of Medicine, Jack and Pearl Resnick 


Campus, 1300 Morris Park Avenue, Bronx, NY 
10461. EOE. 


ALBERT EINSTEIN 
COLLEGE OF MEDICINE 


Advancing science, building careers 


Position Available at the 
University of Vermont 
In the Area of Neurobiology 
Department of Biology 


Applications are invited for a tenure-track 
Assistant Professor position in the Department 
of Biology in the area of Neurobiology, to 
augment the research in the department in this 
area. Successful candidates will have experience 
with and research interests in neurobiology, and 
teaching interests in neurobiology. Candidates 
taking a molecular or biochemical approach and 
who exploit modern technologies to investigate 
mechanisms of biological function will be 
strongly considered. 


All applicants are expected to (1) hold a Ph.D. 
degree and have two or more years of postdoc- 
toral experience; (2) develop a competitively 
funded program; and (3) teach undergraduate 
and graduate level courses. Candidates must 
apply online at}www.uvmjobs.com]and must 
attach to that application a curriculum vitae, 
representative publications, and a statement 
of research and teaching interests. In addition, 
three (3) hardcopy letters of recommendation 
should be sent to: Dr. Rona Delay, Depart- 
ment of Biology, University of Vermont, 120A 
Marsh Life Science Building, Burlington, VT 
05405-0086. Review of applicants will begin on 
October 1, 2005. 


The University of Vermont is an Affirmative 
Action/Equal Opportunity Employer. The 
Department is committed to increasing faculty 
diversity and welcomes applications from 
women and underrepresented ethnic, racial 
and cultural groups and from people with 
disabilities. 


POSTDOCTORAL POSITION 
IN CARDIOVASCULAR 
PHARMACOLOGY 


PCOM PCOM, Department of Pathology, 

“’ Microbiology and Immunology has a 
Postdoctoral position in cardiovascular 
pharmacology. The position involves studying 
the role of specific Protein kinase C isoform 
activators/inhibitors in splanchic ischemia/ 
reperfusion in the anesthetized rat using 
intravital microscopy technology. The animal 
model is applicable to clinical circulatory shock. 
The position involves setting up the animal 
model to evaluate leukocyte-endothelial 
interaction. It is desirable that the applicant has 
demonstrated proficiency in microscopy and in 
vivo animal models. The position also involves 
scientific writing for publication submission 
and aptitude in various computer software 
programs applicable to recording and analyzing 
data. In addition, the applicant should be 
familiar with other assays conducted in the 
lab such as the isolated perfused rate heart, 
measurement of leukocyte superoxide release 
and chemotaxis, endothelial nitric oxide 
release and histological and western blotting 
techniques. 


Please submit detailed resume including salary 
history and salary requirements to: 


PCOM 
4190 City Avenue 
Human Resources Department 
Philadelphia, PA 19131 
Fax: 215-871-6505 


E-mail: |hr@pcom.edu 


EEO 
www.pcom.edu 
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POSITIONS OPEN 


UNIVERSITY OF MINNESOTA 


ECOLOGY AND ECONOMIC 
POSTDOCTORAL RESEARCHERS 


Two Postdoctoral Research positions are available 
for scholars with skills in ecology and/or economics 
to work on quantification and valuation of eco- 
system services in relation to agriculture and renew- 
able energy. Positions are annually renewable for up 
to three years and may begin immediately. The 
researchers would join a multidisciplinary team led 
by David Tilman (ecology) and Steve Polasky 
(economics). Applications including curriculum vi- 
tae, list of three references, writing sample, and 
statement of research interests, should be sent to: 
Nancy Larson, Department of Ecology, Evo- 
lution and Behavior, University of Minnesota, 
1987 Upper Buford Circle, St. Paul, MN 55108. 
The University of Minnesota is an Equal Opportunity Employer. 


POSTDOCTORAL RESEARCH SCIENTIST 


Lamont-Doherty Earth Observatory of Columbia 
University and the Department of Microbiology of 
the Columbia University Medical Center are re- 
cruiting for a Postdoctoral Research Scientist to 
carry out research in the broadly defined area of 
Earth microbiology. This position will be supported 
for two years in conjunction with the establishment 
of a new program in Earth Microbiology at Co- 
lumbia University. Particular areas of interest include 
the development of novel methods for the detection 
and phylogenetic analysis of bacterial species in- 
habiting deep subsurface sediments; studies of the 
contribution of microbial activity to global bio- 
geochemical cycles; and studies on the microbial 
contribution to the formation of gas hydrates. 
Individuals with backgrounds in geochemistry or a 
relevant area of microbiology are encouraged to 
apply. Excellent interpersonal and written commu- 
nication skills in English are required. Search will 
remain open for at least 30 days after the ads appear 
and until position is filled. Applicants should send 
a cover letter specifying Search Number LD 670 
05 016, curriculum vitae (please include e-mail 
address), and a statement of research interests to: 
Ms. M. Mokhtari, Manager of Human Resources, 
Lamont-Doherty Earth Observatory, Palisades, 
NY 10964. Or e-mail: [personnel@admin.Ideo. 


Columbia University is an Equal Opportunity /Affirmative 
Action Employer. Minorities and women are encouraged to apply. 


POSTDOCTORAL POSITIONS, molecular/ 
cell biology of bacterial toxins. Postdoctoral po- 
sitions are available in the laboratory of Dr. Randall 
Holmes at the University of Colorado School of 
Medicine. We are currently investigating the struc- 
ture, function, and trafficking of cholera toxin and 
E. coli heat-labile enterotoxins, characterizing the 
roles of the metalloregulatory proteins DtxR and 
IdeR in iron-dependent global regulation of gene 
expression and virulence in C. diphtheriae and M. 
tuberculosis, and applying structure-based methods 
for development of vaccines and drugs for preven- 
tion and treatment of bacterial infectious diseases. 
Research facilities, grant funding, and training en- 
vironment are excellent. We have new research 
facilities that include a BSL-3 laboratory. Recrea- 
tional facilities of the beautiful Rocky Mountains 
are easily accessible. Salary is commensurate with 
training and experience. Submit curriculum vitae, 
bibliography, and names of three professional refer- 
ences to: Dr. Randall Holmes, Microbiology 
Department, The University of Colorado DHSC, 
Mail Stop 8333, P.O. Box 6511, Aurora, CO 
80045 or e-mail: [ran es@uchsc.edu. The 
University of Colorado is committed to diversity and equality in 
education and employment. Citizens and permanent residents 
of the United States may be considered for positions on an 
NIH-funded training grant, and individuals from underrep- 
resented groups are encouraged to apply. 
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POSITIONS OPEN 


POSTDOCTORAL POSITIONS (four) to 
study the membrane organization of glycosphin- 
golipids and their intermembrane trafficking by 
transfer/binding proteins. Sphingolipid interactions 
with membrane lipids to be studied by fluorescence, 
monolayer, calorimetric, and nuclear magnetic reso- 
nance approaches. Sphingolipid transfer protein 
structure and function will be analyzed by X-ray 
diffraction, fluorescence, and circular dichroism in 
combination with point mutagenesis. Experience 
with noted approaches preferred as applied to lipid- 
lipid and lipid-protein interactions and/or in clon- 
ing, protein purification, and crystallization. One 
position focused on cellular function(s) of sphin- 
golipid transfer proteins, including potential roles 
in apoptosis and cell growth/cycling. Strong back- 
ground in cloning, two-hybrid analysis, protein 
post-translational modification, kinase-related sig- 
naling, and/or transcriptional regulation preferred. 
Require M.D. or Ph.D. in biophysics, biochem- 
istry, molecular biology, or related discipline. Send 
curriculum vitae and names of three references to: 
Professor Rhoderick E. Brown, The Hormel In- 
stitute, University of Minnesota, 801 16th Ave- 


nue, N Austin, MN 55912. E-mail:[rebrown@] 
The University of Minnesota is committed to 


the policy that all persons shall have equal access to its 
programs, facilities, and employment without regard to race, 
color, creed, religion, national origin, sex, age, marital status, 
disability, public assistance status, veteran status, or sexual 
orientation. 


POSTDOCTORAL RESEARCH POSITION 


A Postdoctoral Research position is available 
immediately to study combined effects of neuro- 
toxicants and environmental stress at the Environ- 
mental and Occupational Health Sciences Institute 
(EOHSI]), a joint institute of the Robert Wood 
Johnson Medical School, University of Medicine and 
Dentistry of New Jersey, and of Rutgers, the State 
University of New Jersey. The research takes place in 
a collaborative group setting with multiple technol- 
ogies operative. Experience in psychology, operant 
behavior, and neurochemistry is highly desirable. 
Salary will be commensurate with experience. Send 
curriculum vitae along with names and telephone 
numbers of three references to: 


Dr. Deborah Cory-Slechta 
Environmental and Occupational 
Health Sciences Institute 
170 Frelinghuysen Road 


Piscataway, NJ 08854 
E-mail: des@eohsi-rutgers.2du] 
The Environmental and Occupational Health Sciences In- 


stitute is an Equal Opportunity /Affirmative Action Employer 
and actively encourages interest from women and minorities. 


POSTDOCTORAL RESEARCHER 
(One or more positions) 
Department of Biological Sciences 


One or more Postdoctoral Research positions 
are available to study the biogenesis and metabo- 
lism of iron-sulfur proteins under cellular oxidative 
stress conditions. Required qualifications: Ph.D. or 
equivalent degree; experience in molecular biology 
and protein biochemistry. Additional qualification 
desired: working on the structure and function of 
metalloproteins. Application deadline is September 
16, 2005, or until candidate is selected. An offer of 
employment is contingent on a satisfactory pre- 
employment background check. Interested candi- 
dates should send a cover letter, the curriculum 
vitae (including e-mail address), and names and 
addresses of three references to: Huangen Ding, 
202 Life Sciences Building, Department of 
Biological Sciences, Louisiana State University, 
Reference Log #0442, Baton Rouge, LA 70803. 
E-mail: [hding@Tsu.edu, 

Louisiana State University is an Equal Opportunity /Equal 
Access Employer. 


POSITIONS OPEN 


Nebraska 


Medical Center 


POSTDOCTORAL FELLOWSHIP 
Molecular Genetics of Retinal Development 


Postdoctoral position available immediately 
to study photoreceptor development. Expe- 
rience in microarray, transgenics, and proteo- 
mics is highly desirable. A strong background 
in genetics and molecular biology, with a 
Ph.D., M.D., or D.V.M. in genetics or related 
field is required. Competitive salary based 
on experience. Interested applicants should 
e-mail complete curriculum vitae including 
research interests, bibliography, names, and 
contact information for three references to: 


Neena Haider, Ph.D., at e-mail: {nhaidern@] 
Website: http:7/7www.unme, 
le 

e versity of Nebraska is an Equal Opportu- 


nity/Affirmative Action Employer. Individuals of 
culturally diverse backgrounds and women are encour- 
aged to apply. 


RESEARCH LABORATORY MANAGER 
Center for Innovations in Medicine 
Biodesign Institute 
Arizona State University 


The Center for Innovations in Medicine (CIM), 
led by Stephen Albert Johnston, Director, is 
seeking a research laboratory manager for this 
unique new research center. Center researchers 
innovate blue-sky solutions to fundamental prob- 
lems in biomedicine. The CIM laboratory manager 
will be involved with 20 or more scientists with 
chemistry, biology, and/or engineering back- 
grounds to assure optimal infrastructure operations 
as well as integrating new systems, technologies, and 
instruments into the Center. The manager will also 
integrate operations with other centers and be 
proactive in negotiations with vendors. CIM is part 
of the Biodesign Institute and located in new 
facilities that epitomize the interdisciplinary, use- 
inspired science of the future. The manager will be 
involved in multiple projects requiring frequent 
priority changes to immediately respond to research 
needs /issues. 

Deadline is September 9, 2005; if not filled, weekly 
thereafter until search closed. For qualification/ 
ap plain information, see SR HO 12 1468-2 at websites: 
or {h www. 
Rane for more information about CIM 
and the Biodesign Institute. Affirmative Action/Equal 
Opportunity Employer. 


POSTDOCTORAL POSITION, STEM CELL 
BIOLOGY 
Harvard Institutes of Medicine 


A position is available in the laboratory of Dr. 
Peter Oettgen at the Harvard Institutes of Medicine 
in Boston, Massachusetts. The focus of the projects 
include the identification of the molecular mecha- 
nisms of endothelial differentiation from pluripotent 
stem cells into endothelial progenitor cells and 
mature endothelial cells, with a particular focus on 
the role of specific transcription factors in this 
process. The successful applicant will work as part 
of team with broad expertise in a variety of ex- 
perimental techniques and animal model systems. 
These studies will provide new insights into treating 
diseases such as ischemic heart disease and cancer. 

Previous experience with embryonic stem cells or 


flow cytometry_desirable. 
Website: fhttp://www.bidmc.harvard.edu 


Please forward curriculum vitae to e-mail: 


ivascularbiology@bidme.harvard.edau. 
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The University of Oklahoma 


Integrative Life Sciences at the University of Oklahoma 


Anew frontier in Life Sciences awaits collaborative teams of chemists, biolo- 
gists, mathematicians, and engineers who use advanced research tools to under- 
stand cellular processes globally. The University of Oklahoma is continuing 
a multi-department Integrative Life Sciences Initiative to complement and 
strengthen existing programs in the Departments of Botany and Microbiology, 
Chemistry and Biochemistry, and Zoology, the Bioengineering Center on the 
Norman Campus and at the Health Sciences Center in Oklahoma City. As part 
of this initiative the University invites applications for tenured positions at the 
rank of Associate or Full Professor. We are seeking individuals with established 
world-class research programs in any of, but not limited to, the following 
general areas: developmental biology; neurobiology; neurochemistry; mass 
spectrometry-based proteomics; stem cell research; metabolomics; microbial 
metabolism and/or bioenergetics at the systems level; and structural biology 
(high field NMR spectroscopy and/or macromolecular crystallography). 


Candidates should have a Ph.D. or equivalent terminal degree and a proven 
record of external grant funding. The successful individuals will be expected 
to contribute to undergraduate and graduate education in the life sciences, 
and provide leadership for the Integrative Life Sciences Initiative. Applicants 
should submit a curriculum vitae, a description of their research plans, and a 
brief statement of their teaching interests and philosophy. Applicants should 
identify three individuals whom the Search Committee may contact for letters 
of recommendation. Application materials should be sent to: Paul B. Bell, Jr., 
Dean of the College of Arts and Sciences and Vice Provost, Chair of the 
Life Sciences Initiative Faculty Search Committee, Ellison Hall Rm. 323, 
University of Oklahoma, 633 Elm Avenue, Norman, Oklahoma 73019. 
We will also accept completed electronic applications in PDF format, sent to: 
Review of applications will begin on November 1, 2005 
and continue until positions are filled. 


Minorities and women are especially encouraged to apply. The University of 


Oklahoma is responsive to the needs of dual-career couples. The University 
of Oklahoma is an Affirmative Action/Equal Opportunity Employer. 


CONFERENCES 


The Third International Conference 
Ubiquitin, Ubiquitin-Like 
Proteins, and Cancer 


February 9-11, 2006 


The University of Texas M. D. Anderson Cancer Center 
Houston, Texas 


Organized by Edward T.H. Yeh 


Confirmed Speakers 


James Chen Hsing-Jien Kung Ze’ev Ronai 
Christopher D. Lima 
George N. DeMartino Leroy F. Liu 
Raymond J. Deshaies = Michael J. Matunis 
Ronald T. Hay Frauke Melchior 
Avram Hershko Kim Orth 


Erica Johnson Michele Pagano 
Peter-M. Kloetzel 


Mary Dasso Brenda Schulman 
William P. Tansey 
Ning Wei 

Allan M. Weissman 
Yue Xiong 
Dong-Er Zhang 


Yanping Zhang 


Sirs Univensity of Texas 
TH: UNIVERSITY € F TEXAS 
MD ANDERSON 
CANCER CENTER 


Making Cancer History~ 


Cam Patterson 


For information visit: 


www.sentrin.org 


CONFERENCES 


Coming to India... 
IBC’s International Conference and Exhibition 


f=lrug Discovery 
0 Clinical Trials 


Global Partnering and New Science 


In association with 

SCR me 
PHARMACEUTICAL 

news 


The Pharma/Biotech Meeting Place 
for Attendees from the USA, Europe 
and Asia-Pacific 


October 5-7, 2005 
Renaissance Mumbai Hotel & Convention Centre 
Mumbai, India 


In conjunction with the recent patent legislation, 
India’s pharmaceutical and biotechnology industries 
are growing dramatically, offering tremendous 
opportunities to access India’s capabilities and 
scientific resources in drug discovery and clinical 
trials. Similarly, other Asian countries offer exciting 
advantages and opportunities in drug development. 


This Must-Attend event will highlight: 

& Impact of India’s New Patent Regime 

@ IP Rights & Regulatory Issues in Asia 

Country by Country Landscapes 

@ Proximare’s “Best of India” Awards 

Developing Global Partnerships 

@ Advantages and Disadvantages of Outsourcing 
@ Case Studies of East-West Alliances 

Bi India’s Move to Innovation & Entrepreneurship 
B Innovative Science & Drug Discovery 

@ New Discovery Technologies & Applications 

@ Drug Safety & Biomarkers 

& Clinical Trial Landscape in India 

& Clinical Development in Japan, China & Korea 
& Global Multicenter Clinical Trials 


G Event KNefaies 


Da Partner: [Tas 


Life Sciences 


www.drugdisc.com/asiapacific 
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e 
Q): tow can | organize 


and protect my back 
issues of Science? 


/ \ : Custom-made 


library file cases! 


Designed to hold 12 issues, 
these handsome storage 
boxes are covered ina 

rich burgundy leather-like 
material. Each slipcase 
includes an attractive 

label with the Science logo. 


Great gift idea! 


Order Form 


TNC Enterprises Dept.SC 
P.O. Box 2475 
Warminster, PA 18974 


Please send me slipcases. 


Add $3.50 per slipcase for postage 
and handling. PA residents add 6% 
sales tax. Cannot ship outside U.S. 


Name (Please print) 


Address (No P.O. Box numbers please) 


City, State, Zip 


Bill my: 0 Master Card 


Name 


Card No. Exp. Date 


Signature 


Order online: 


www.tncenterprises.net/sc 


Unconditionally Guaranteed 


MARKETPLACE 


Vapor Pressure 


Osmometer 


The preferred method of 

measuring the osmolality 

of any biological fluid. 
WESCOR, INC. 1-800 453-2725 


Achieve 


Optimal Transfection 


TransIT®-Reagents and Kits 
for all your delivery needs: 
plasmid, siRNA, mRNA, 
viral RNA and oligos. 


Mirus. 
P-PDaF 


It All Begins at the Bench 


lwww.mirusbio.com| 


Looking for a job? 


¢ Job Postings 

© Job Alerts 

e Resume/CV Database 
e Career Advice 

e Career Forum 


ScienceCareers.org 


We know science RYAAAS 


Array Designer 
Ss : Design 


Whole Genome & 


Molecular Cloning Laboratories 


High throughput DNA sequencing 
Gene synthesis $2/bp any size 
Protein expression & purification 
Yeast 2 hybrid/phage displaying 


Ba8-025-2088 


MARKETPLACE 


¥ 


GET RESULTS FAST... 
PEPscreen’ 
om Peptide Libraries 


DELIVERY IN 7 BUSINESS DAYS! 


QC: MS supplied for all peptides 
Amount: 0.5 - 2 mg 

Length: 6-20 amino acids 
Modifications: Variety available 
Format: Lyophilized in 96-tube rack 
Minimum order size: 48 peptides 
Price: $50.00 per peptide (unmodified) 


SIGMA 
GENOSYS 


www.sigma-genosys.com/MP| 


North America and Canada - 1-800-234-5362 
Email: peptides@sial.com 


Diverse Small Molecules 
Ready for Screening 


ChemBridge 
Corporation 


| Websitefwamw.chembrilge.com] 
Next Day Delivery* | Email{sates@cnembridge.com] 


(800) 964-6143 or (858) 451-7400 Fax: (858) 451-7401 
* Limited to 100,000 


Upwards of 200,000 
Compounds 


Pre-Plated in DMSO 


Very Competitively 
Priced 


POLYCLONAL ANTIBODIES 


... MADE EASY! 
Antigen for FREE! 


a aa 
FAST F DELIVERY per carp 
PEPTIDE TO ANTISERUM IN 70 DAYS , a 


100% SATISFACTION GUARANTEED Tel: 888-343-5974 
Fax: 978-630-0021 www.newenglandpeptide.com 


Lets Us Design Your 


POLYMORPHIC 


8 Polymorphic DNA Technologies, Inc™ 


SNP Discovery 
using DNA sequencing 
$.01 per base. 


Assay design, primers, 
PCR, DNA sequencing 
and analysis included. 


www.polymorphicdna.com |: info@polymorphicdna.com 


KlenTaq 1 
Polymerase 


EE Vihstor 99°C 


US Pot # 5,436,149 


Call: Ab Peptides 1¢800*383¢3362 
Fax: 314096808988 
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Novagen: 


Didn't you know? 
GeneJuice 


Transfection Reagent 
is formulated for 


on a vast range of 
cell lines 


For more information on GeneJuice and 
Novagen's other transfection reagents 
visit: Www.novagen.com/transfection 


Germany 0800 6931 000 
UK 0800 622935 
or contact your local sales office 


Merck Biosciences 


Calbiochem | Novabiochem | Novagen 


MERCK 


